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ABSTRACT 
 
YOUJUN CHEN: Adenomatous Polyposis Coli (APC) Regulates Axon Arborization 
and Cytoskeleton Organization via its Amino-Terminus 
(Under the direction of Dr. William D. Snider) 
 
Since its identification in familial adenomatous polyposis, adenomatous 
polyposis coli (APC) has been extensively studied in cancer biology where it has an 
established role in the regulation of β-catenin. However, functions of APC related to 
nervous system development have not been defined. In the first part of my thesis, 
together with Dr. Anton’s group, we demonstrated a remarkable requirement for 
APC in development of the mouse cerebral cortex. Further, I showed that conditional 
deletion of APC lead to excessive axonal branching of cortical neurons in vitro. I 
then investigated the cell biological basis of this neuronal morphological regulation.   
I have shown that APC is not required for initial polarization of the neuron, but 
is required for subsequent axon morphological development.  Live cell imaging of 
APC null neurons showed that axons curl during extension and that many 
supernumerary branches are initiated by growth cone splitting. Examination of the 
growth cones at early stages of neurite outgrowth shows that both the microtubule 
and actin cytoskeleton are disorganized as a result of APC deletion. Microtubules 
are debundled and growth cone lamellipodia are disrupted.   
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Because APC is a multi-domain protein with several motifs with potential to 
regulate both the microtubule and actin cytoskeleton, I determined which domains of 
APC are responsible for regulating neuronal morphology. I transfected APC null 
neurons with specific APC domains fused to GFP. My results indicate that axonal 
branches do not result from stabilized β-catenin. Further, expression of the C-
terminus containing microtubule regulatory domains only partially rescues the 
branching phenotype. Surprisingly, expression of the N-terminal region of APC 
completely rescues both the branching and microtubule debundling phenotype. I 
conclude that APC is required for appropriate regulation of axon morphological 
development and that the N-terminal region of the protein is the most important 
domain for regulation of the neuronal cytoskeleton. 
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Chapter 1 Introduction 
1. Importance of regulation of the neuronal cytoskeleton 
Neurons are the highly polarized cells, typically with one very long process (the axon) 
and several shorter processes (dendrites). Neuronal axons mediate connections 
between different neuron populations in the CNS and between neurons and their 
peripheral targets in the PNS. In addition to extension and guidance of the primary 
axon, highly regulated axonal branching is required for neurons to project to multiple 
targets and to innervate multiple cells within an individual target (Kornack and Giger, 
2005). Importantly both axon extension and branching require dynamic regulation 
and reorganization of cytoskeleton at the growth cone or along the axon shaft.  
A variety of extracellular cues including guidance molecules, neuronal growth factors, 
and extracellular matrix molecules regulate axon growth and branching.  Such 
molecules may signal through different intracellular pathways, but all ultimately 
converge on reorganization of actin or microtubule cytoskeleton to regulate axon 
morphogenesis (for review, see Yoshimura, et al. 2006). Thus, inhibition of either 
actin or microtubule polymerization leads to inhibition of axon extension (for review, 
see Witte and Bradke, 2008). However, despite a wealth of information about 
regulation of the cytoskeleton in non-neuronal cells and at the neuronal growth cone, 
we know very little about regulation of cytoskelatal dynamics underlying axon 
extension and branching.  
A major recent finding from the Snider lab is that GSK-3 activity powerfully regulates 
axon growth in vitro from both NGF responsive DRG neurons in the PNS and 
cortical and hippocampal neurons in the CNS (Zhou et al., 2004; Kim et al., 2006). 
GSK-3 has a number of microtubule associated proteins as substrates. One 
potential downstream effecter of GSK-3 is the adenomatous polyposis coli (APC) 
protein. APC is phosphorylated by GSK-3 and important effects of APC on 
microtubule behavior have been demonstrated in vitro (Zumbrunn et al., 2001). 
Using dominant negative approaches in vitro, the Snider lab and others found that 
APC is implicated in the regulation of axon growth (Zhou et al., 2004; Shi et al., 
2004). Recently, additional studies have suggested a role of APC and the related 
family member APC-2 in axon growth and guidance in various experimental 
paradigms (Koester et al., 2007; Purro et al., 2008; Paridaen et al., 2009). 
Most of these prior studies have used dominant negative or knock down approaches 
to assess APC function in vitro rather than decisive gene targeting experiments in 
mice. Interestingly, one study using genetic elimination in Drosophila suggested that 
APCs are dispensable for axon morphogenesis in some types of neurons (Rusan et 
al., 2008). Therefore a pressing issue is to know whether and how mammalian 
neuronal development is affected by genetic elimination of endogenous APC. Our 
results have indicated that APC function is critical to mammalian brain development 
and for the normal development of axon tracts in the brain (see chapter 2 below). 
Further APC is required for the development of normal axon morphology (Chapter 3).  
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2. APC and WNT signaling 
APC was originally identified due to its loss of function mutations in the disorder 
osis (FAP) (Groden et al., 1991). APC has been 
intensively studied to define its roles in tumorigenesis (reviewed by Senda et al., 
2007). Most of its effects as a tumor suppressor are thought to be due to its ability to 
regulate  β-catenin (Kennell and Cadigan, 2009). Normally, β-catenin is sequestered 
ald et al., 
2009). Additionally, evidence is emerging that wnt signaling is critically involved in 
many aspects of nervous system development (for review see Salinas and Zou, 
2008). APC regulation of wnt signaling will be discussed further below, but it is 
important to emphasize that in the past several years, many additional functions for 
APC that may be relevant to regulation of the cytoskeleton have been proposed 
based on in vitro experiments.  
familial adenomatous polyp
to the destruction complex which contains APC, Axin, GSK3β and Casein kinase I 
(CKI), and is phosphorylated sequentially by CKI and GSK3β. Phosphorylated β-
catenin is then targeted to the proteasome for degradation by the E3 ubiquitin ligase 
β-Trcp (figure 1.1A). Loss of function mutations of APC or activation of wnt signaling 
disrupts the destruction complex, so that β-catenin is not phosphorylated, leading to 
stabilization of β-catenin and induction of gene transcription (figure 1.1B). 
It is well established that wnt signaling is critical for many physiological processes in 
embryonic development and adult homeostasis (for review see MacDon
3. Functional domains within APC protein and its binding partners 
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APC is a large protein with 2843 amino acids. It contains multiple functional domains 
allowing it to bind to numerous proteins involved in various cellular processes (figure 
1; for review see Aoki and Taketo, 2007).  We know almost nothing about what sorts 
of functions these domains might mediate related to the neuronal cytoskeleton. 
Specifying which domains of APC regulate the axon cytoskeleton represents a major 
focus of my thesis. 
main 
und in FAP patients disrupt or delete a large part of the 
protein, the amino-terminal region including the oligomerization domain at the 
extreme amino-terminal of APC is typically retained and protected from mutations. 
Using an antibody against the carboxyl terminus of APC, Su and colleagues found 
that the truncated protein lacking the carboxyl terminus of APC associates with wild 
type APC and they also found that the region containing amino-acids 6 to 57 is 
required for homo-dimerization of APC (Su et al., 1993). Consistent with this report, 
Joslyn et al. found that the first 55 amino acids of APC are sufficient to form a dimer 
(Joslyn et al., 1993). Crystal structure analysis confirmed the presence of double-
stranded coiled coil with the first 55 amino acids (Day and Alber, 2000). These 
studies suggest that APC protein may normally exist as oligomers and that in cells 
with mutant APC, the mutant APC is also likely to associate with the wild type APC 
or with the mutant protein itself. It is thus possible that the mutant APC disrupts the 
normal function of wild type APC by association with it and acts as a dominant 
negative mutant (Mahmoud et al., 1997; Dihlmann et al., 1999). However, it is not 
Oligomerization do
While mutations of APC fo
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yet clear whether the oligomerization of APC is essential for its normal functions 
related to cytoskeletal regulation. 
Armadillo repeats 
Following the oligomerization domain is a region containing seven Armadillo repeats, 
The armadillo repeats directly bind to the APC-stimulated guanine nucleotide 
and this region is also retained in APC mutant proteins found in FAP patients. The 
Armadillo repeat is a highly conserved 42 amino-acid motif originally found in 
armadillo, the Drosophila homologue of the β-catenin protein (Peifer et al., 1994). 
Although this region does not directly interact with β-catenin (Su et al., 1993; 
Rubinfeld et al., 1993), it binds to several proteins involved in various cellular 
processes (figure1.2; see the following paragraphs; for review see Aoki and Taketo, 
2007).  
exchange factor or Asef, a Rac1 and CDC42 GEF (Kawasaki et al., 2000). Deletion 
of the APC binding region of Asef increases the GEF activity, and the binding of 
APC to Asef positively regulates the ability of ASEF in stimulating the binding of GTP 
to Rac by relieving the N-terminal inhibitory region of Asef (Kawasaki et al., 2000). 
The interaction of Asef with APC is involved in regulating cell morphology and 
promotes the formation of membrane ruffles and lamellipodia in MDCK cells 
(Kawasaki et al., 2003). APC and Asef are recruited and colocalize to the membrane 
ruffles and lamellipodia of epithelial cells in response to growth factors, such as 
hepatocyte growth factor (HGF), basic fibroblast growth factor (bFGF) and epidermal 
growth factor (EGF), and are required for HGF-induced cell migration(Kawasaki et 
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al., 2009). These effects are mediated by PI3-kinase activation (Kawasaki et al., 
2009). Importantly, interaction of Asef with the truncation mutant containing the 
intact amino-terminus of APC is sufficient to promote cell migration (Kawasaki et al., 
2003).  
In addition, Asef2, a close homologue of Asef, also binds to the Armadillo repeats of 
Another protein that links APC to Rac1 and Cdc42 through the Armadillo repeats is 
APC and is activated in a similar manner (Hamann et al., 2007; Kawasaki et al., 
2007). The interaction of APC and Asef2 is also involved in regulating actin 
organization and HGF-induced cell migration (Sagara et al., 2009). Asef is highly 
expressed in the mouse brain (Kawasaki et al., 2000); however it is not known 
whether Asefs play a role in neuronal development. It is possible that Asefs are 
involved in axon extension by promoting growth cone protrusion given that PI3-
kinase is also downstream of nerve growth factor and is activated in the growth cone 
(Zhou et al., 2004). 
IQGAP1 (Watanabe et al., 2004). IQGAP1 is an effector of Rac1 and Cdc42 
involved in regulating cytoskeletal organization. Interaction of IQGAP1 with APC 
enables the formation of a tripartite complex with activated Rac1 and Cdc42 at the 
leading edge of fibroblasts. Expression of constitutively active IQGAP1 promotes the 
accumulation of APC to the cell leading edge with the actin meshwork, while deletion 
of either IQGAP1 or APC suppresses the formation of actin meshwork and 
directional cell migration (Watanabe et al., 2004).  IQGAP1 also interacts with the 
microtubule plus end binding protein CLIP-170, and recruits microtubule plus ends to 
the actin meshwork through association with Rac1/Cdc42 to mediate cell 
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polarization or directional migration (Fukata et al., 2002). The association of APC 
and IQGAP1 may also promote stabilization of microtubules by immobilizing CLIP-
170 at the leading edges (Watanabe et al., 2004). IQGAP1 is downstream of growth 
factor signaling and is important in growth factor mediated cell migration (Bensenor 
et al., 2007). In hippocampal neurons, IQGAP1 is present along the axon shaft as 
well as at the growth cone, showing some colocalization with actin. IQGAP1 
promotes neurite growth in neuroblastoma cells and this effect is significantly 
increased when IQGAP1 is phosphorylated (2Li et al., 2005).  
While the association of APC Armadillo repeats with Asefs and IQGAP1 suggests a 
In neurons, APC and KIF3A form a complex with the polarity complex component 
role of APC in the regulation of actin cytoskeleton, this region of APC is also able to 
bind to microtubule associating proteins. Using the yeast two hybrid approach with 
the armadillo repeats as bait, Jimbo and collegues first found that APC binds to the 
kinesin superfamily-associated protein 3 (KAP3) and forms a complex with the 
microtubule-based motor proteins KIF3A-KIF3B (Jimbo et al., 2002). In MDCK cells, 
APC accumulates in clusters in the membrane protusion and colocalizes with KAP3. 
APC cluster formation is disrupted in cells expressing a mutant form of KAP3 that 
has low affinity of KIF3A and KIF3B (Jimbo et al., 2002). 
mPar3, enabling the proper transport and localization of PAR3 to the axon tip (Shi et 
al., 2004; Nishimura et al., 2004). Disruption of tip targeting of PAR3 by dominant 
negative or ectopic expression of APC abolishes neuronal polarity (Shi et al., 2004), 
suggesting that depletion of endogenous APC may lead to disruption of neuronal 
polarity and mis-localization of the polarity complex which is normally accumulated 
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at the axon tip (Shi et al. 2003). Taken together, all of this literature suggests that the 
Armadillo repeats of APC play important roles in cell directional migration and 
polarization through the regulation of both actin and microtubule cytoskeleton. 
β-catenin binding region 
The middle part of the protein contains two distinct β-catenin binding sites: the 15-
Basic domain 
The carboxyl-terminus third of APC contains a basic domain which directly binds to 
Recently, this basic region has also been shown to bind directly to actin, and this 
amino acid repeats and the 20-amino acid repeats. While both sites can bind β-
catenin, phosphorylated β-catenin can only be targeted for degradation when bound 
to the 20-amino acid repeats (for review, see Fearnhead et al., 2001). The mutation 
cluster region (MCR) partly overlaps with the 20-amino acid repeats and mutations 
of APC in FAP patients eliminates some of the 20-amino acid repeats leading to loss 
of β-catenin regulation (Rubinfeld et al., 1997). When expressed in colon cancer 
cells, the β-catenin binding region of APC is sufficient to inhibit β-catenin induced 
gene transcription and suppress tumor formation (Shih et al., 2000). 
microtubules (Groden et al., 1991; Munemitsu et al., 1994; Smith et al., 1994). In 
vitro, this domain has been shown to interact with tubulin dimers and promote 
microtubule assembly and bundling (Deka et al., 1998).  
binding is competitive with the binding to microtubules. In vitro, purified basic domain 
of APC can physically cross-link actin fimaments and microtubules, and is localized 
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to actin and microtubule structures when microinjected into cells (Moseley, et al., 
2007).  
These findings suggest that the basic domain is involved in regulating actin and 
EB1 binding domain 
The C-terminus of APC associates with EB1, a microtubule plus end binding protein 
In vitro, EB1 or C-terminus of APC lacking the microtubule binding domain (C-APC) 
microtubule organization and may also play a role in the interaction between actin 
and microtubules. 
(Su et al., 1995). Interaction of EB1 and APC is required for mDia1 induced 
microtubule stabilization in fibroblasts (Wen et al., 2004). The APC binding domain 
within EB1 acts as a dominant negative form by inhibiting the formation of stable 
microtubules and fibroblast migration (Wen et al., 2004). When exogenously 
expressed in cells, this region together with the basic region of APC co-localizes with 
microtubules but does not accumulate at the microtubule tips, and it protects 
nocodazole induced microtubule depolymerization, indicating a role in microtubule 
stabilization (Zumbrunn et al., 2001).  
is ineffective in promoting microtubule polymerization when incubated with purified 
tubulins. The presence of both EB1 and C-APC strongly induces microtubule 
assembly when incubated together with tubulin, demonstrating that the interaction 
between EB1 and APC is important for microtubule polymerization (Nakamura et al., 
2001). C-APC is also able to induce microtubule assembly when expressed in the 
SW480 colon cancer cell line which contains a c-terminal deletion form of APC and 
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colocalizes with EB1 at the microtubule tips (Nakamura et al., 2001; Askham et al., 
2000).  
Discs large binding domain 
In the extreme carboxyl-terminus of APC, there is a binding site for the mammalian 
4. APC and the cytoskeleton 
The binding of APC to various proteins involved in different cellular processes 
homolog of Discs large (DLG1) (Matsumine et al., 1996). DLG1 is a member of the 
synapse-associated protein (SAP) family which is also called the membrane-
associated guanylate kinase (MAGUK) family. SAPs are important in the molecular 
organization of synapses by recruiting ion channels and receptors to specific 
synaptic sites (for review see Fujita and Kurachi, 2000). Besides, DLG1 (also called 
hDLG or SAP97) is also expressed in epithelial cells and plays important roles in cell 
polarization and proliferation (for review see Humbert et al., 2003). Both APC and 
DLG1 are found at the plasma membrane of colon epithelial cells and synaptic sites 
in cultured hippocampal neurons (Matsumine et al., 1996).  Disruption of microtubule 
structure by nocodazole abolishes colocalization of APC and DLG1 together with the 
disappearance of APC clusters at the cell protrusions (Iizuka-Kogo et al., 2005). 
Recruitment of DLG1 to the plasma membrane is mediated by Cdc42 and PKCzeta 
activity independently of APC, but the interaction of APC and DLG1 is required for 
astrocyte polarization (Etienne-Manneville et al., 2005). 
indicates that APC may be present in various subcellular structures and plays 
multiple roles (for reviews, see Bienz, 2002; Brocardo and Henderson, 2008). As 
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listed in the previous section, APC is associated with several proteins that regulate 
actin and microtubule organization and APC also directly associates with both 
cytoskeletal elements. Hence, in addition to its role in regulating intracellular β-
catenin levels, APC has drawn attention because of its involvement in the 
cytoskeleton organization and cytoskeleton-related cellular behaviors including cell 
polarization and directional migration (for review see Barth et al., 2008). 
While the carboxyl-terminal region of APC missing in the truncation mutations found 
in familial adenomatous polyposis coli patients is important for regulating β-catenin 
stability, it is also essential for APC binding to microtubules. An APC mutant lacking 
this region does not associate with microtubules (Smith et al., 1994; Munemitsu et 
al., 1994). The endogenous APC protein is associated with microtubules and when 
expressed exogenously, the full length APC is also found to colocalize with 
microtubules (Smith et al., 1994; Munemitsu et al., 1994). Disruption of microtubule 
polymerization with nocodazole abolishes this filamentous localization (Smith et al., 
1994). APC is found to accumulate at the microtubule growing plus ends near 
protruding membranes during cell migration, and this clustering also required the 
carboxyl-terminus of APC (Nathke et al., 1996; Mimori-Kiyosure et al., 2000). 
Phosphorylation of APC by GSK3β  decreased its binding and its ability to stabilize 
microtubules (Zumbrunn et al. 2001). Evidence is accumulating that APC is 
important for establishing polarity in non-neuronal cells, possibly through the 
regulation of microtubules (Etienne-Manneville and Hall, 2003; Reilein and Nelson, 
2005). 
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In neurons, the Snider lab has found that APC is present at the microtubule tips in 
the growth cone suggesting a role of APC in regulating neuronal microtubule 
dynamics (Zhou et al., 2004). Recently, Salina’s group found that APC knockdown in 
mouse DRG neurons lead to microtubule loop formation in the growth cone and an 
enlargement of the growth cone size, suggesting that APC regulates growth cone 
morphology through microtubule organization (Purro et al., 2008). 
Besides association with microtubules, APC is also found in the plasma membrane 
of polarized MDCK cells, a localization that is dependent on actin cytoskeleton. 
Consistent with the competitive binding of APC to microtubule and actin, nocodazole 
treatment increases the actin-dependent association of APC to the membrane 
(Rosin-Arbesfeld et al., 2001; Moseley, et al., 2007). In addition, the association of 
APC to actin regulating proteins such as Asef and IQGAP1 also suggests a role of 
APC in regulating actin cytoskeleton. However, it is not clear how APC regulates 
actin cytoskeleton and the cross-linking between microtubule and actin during 
neuronal development. One possibility is that APC associates with multiple binding 
partners simultaneously, providing the bridge between actin and microtubules. 
Specifically, APC binds to actin regulatory proteins IQGAP and Asefs in the N-
terminus and in the mean time, APC also interacts with microtubule plus end binding 
protein EB1, so that microtubule and actin are linked through the APC-complex. 
In summary, APC is important in regulating both actin and microtubule cytoskeleton 
reorganization during cell polarization and directional migration, with the amino 
terminus associating with actin regulating proteins and the carboxyl terminus 
associating with microtubule and microtubule regulating proteins. 
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5. APC homologues 
In Drosophila, there are two APC family members, APC1 and APC2. Both proteins 
are expressed in the Drosophila brain, and are important for Drosophila nervous 
system development (Akong et al., 2002; Hayden et al., 2007). Interestingly, when 
both proteins are removed from a subset of Drosophila neural precursors and 
neurons, neuronal polarization, axon growth and targeting are not affected (Rusan et 
al., 2008). 
Besides the ubiquitously expressed APC protein, mammals have a brain specific 
APC homologue, APC2 (originally known as APC like or APCL) (Nakagawa et al., 
1998). The N-terminal half of APCL is highly homologous to APC, containing the 
oligomerization domain, a conserved armadillo domain and 5 copies 20-amino acid 
motifs (figure1.2B, Nakagawa et al., 1998). APC2 regulates β-catenin level similarly 
to APC and reduces β-catenin induced transcriptional activity of Tcf (Nakagawa et al. 
1998). In contrast, The C-terminal half of APC2 has no similarity to APC, and no 
microtubule-, EB1-, and Dlg-binding domains are present in APC2. 
Although APC2 is restricted to the nervous system, its physiological function remains 
unclear (Nakagawa et al., 1998; Yamanaka et al., 2002). The facts that APC2 
regulates the intracellular level of β-catenin protein and that APC2 is possibly 
involved in p53/Bcl2 signaling pathway via interaction with p53-binding Protein 2 
(53BP2) suggest that APC2may play a role in cell-cycle and cell death regulation 
(Nakagawa et al. 2000). It is also reported that APC2 binds to EB3 (Nakagawa et al. 
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20002), a neuronal specific isoform of EB1, suggesting its potential role in regulating 
neuronal microtubule cytoskeleton.  
Recently, there is a very nice report about the role of APC2 in axonal projection 
using embryonic chicken retinal axons as model system (Shintani et al., 2009). 
APC2 was present in the growth cone and along the axon shaft, mostly co-localizing 
with microtubules. APC2 was important for microtubule stabilization since 
knockdown of APC2 decreased microtubule stability. Knockdown of APC2 also 
increased branching of the retinal axons and induced axon loop formation. Loss of 
APC2 leads to abnormality in response to guidance cue ephrin-A2. These results 
suggest that APC2 is important for establishing retinal axon morphology and 
guidance in the chick. 
It will be very interesting to study the roles of both APC and APC2 in mouse nervous 
system development and whether APC2 may have compensatory effects when APC 
is absent. This work is beyond the scope of my thesis, but will be completed next 
year using crosses of APC floxed allele mice with APC2 null mice that I have already 
established. 
6. Research goals 
Despite the accumulating evidence suggesting that APC may play an important role 
in axon growth by regulating the neuronal cytoskeleton, the functions of APC in the 
development of nervous system in vivo and how neuronal polarization and axon 
growth may be affected by abolishing endogenous APC remain elusive. One 
strategy to tackle these questions is to create a mouse genetic model by removing 
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endogenous APC specifically in the nervous system. This approach avoids the early 
embryonic lethality that result from APC homozygous mutation in mouse embryos 
(Moser et al., 1995; Ishikawa et al., 2003). Therefore, I have deleted APC 
specifically in the mouse nervous system at an early stage of development and 
accomplished the following specific aims: 1) demonstration of a requirement for APC 
in brain development (jointly with the Anton Lab) (2) demonstration of a requirement 
for APC in the development of axonal morphology and (3) identification of the critical 
domains within APC that mediate these effects. 
My data demonstrate that APC is critical for brain development. At the level of 
individual neurons my data show that APC is not required for neuronal polarization 
or axon extension, but is critical to normal axon morphological development. Both 
microtubule and actin organization are disrupted in APC deficient neurons. 
Surprisingly and importantly, I have found that the amino terminus of APC (including 
the oligomerization domain and the Armadillo repeats) is sufficient to mediate APC 
regulation of axonal morphogenesis. My thesis has defined the functions of APC and 
its domains in regulating axon development in a commonly employed model system. 
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Figure 1.1 
 
Figure 1.1. APC regulates intracellular β-catenin levels in the wnt signaling 
pathway. (A). In the absence of wnt, APC forms a complex with Axin, GSK3β and 
CK1 (the destruction complex), which sequesters cytoplasmic β-catenin. β-catenin is 
sequentially phosphorylated by CK1 and GSK3β. The E3 ubiqutin ligase β-Trcp 
recognizes phosphorylated β-catenin and targets β-catenin for proteasome mediated 
degradation. (B). The presence of wnt ligand, wnt binds to frizzled receptor and the 
LRP coreceptor, which activates dishevelled (Dvl), leading to the disassembly of the 
destruction complex, so that CK1 and GSK3β do not phosphorylate β-catenin, 
promoting accumulation and translocation of β-catenin to the nucleus. In the nucleus, 
β-catenin associates with TCF and activates gene expression. 
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Figure1.2. 
 
 
 
Figure 1.2. Schematic representation of the structures of the APC and APC2 
proteins. (A) Human APC contains 2843 amino acids. APC is involved in various 
cellular processes through binding to multiple proteins. The amino terminus contains 
the oligomerization, which mediates dimerization of the protein, and the armadillo 
repeats, which binds to Asef1/2, IQGAP and KAP3 and is involved in cell 
polarization and migration. The middle region binds directly to β-catenin and 
destruction complex component axin. The carboxyl terminus of APC directly binds to 
microtubules and microtubule plus end binding protein EB1. There is also a domain 
at the carboxyl end that binds to DLG. (B) Mouse APC2 contains 2274 amino acids. 
APC and APC2 contain similar oligomerization domains and armadillo repeats and 
β-catenin regulating regions. They share less similarity at the carboxyl terminus. 
APC contains a basic domain that binds to microtubules, a EB1-binding domain, and 
a DLG-binding domain, while APC2 lacks these domains. 
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Chapter 2  APC is critical for mouse brain development 
Background 
Besides its well-studied role in suppressing tumor formation, APC is also found to be 
highly expressed in the nervous system (Bhat et al., 1994), predominantly in 
neurons of the central nervous system (Senda et al., 1998; Brakeman et al., 1999). 
Mutations of APC have been shown to be associated with some neuronal disorders, 
including schizophrenia, mental retardation, and autism spectrum disorder (Cui et al., 
2005; Finch et al., 2005; Heald et al., 2007; Zhou et al., 2007). Yet the in vivo 
functions of APC in the development of mammalian nervous system and the 
mechanisms underlying the association of APC with these disorders are poorly 
characterized. 
In vitro, APC has been implicated in many aspects of neuronal morphogenesis. APC 
is said to be required for neuronal polarization (for review see Barth et al., 2008). 
APC is spatially localized to the axon and is accumulated at the axon tips, especially 
at the microtubule plus ends (Shi et al., 2004; Zhou et al., 2004). Through the 
association with KIF3A, APC is involved in targeting the polarity complex component 
mPar3 to axon tips in polarized hippocampal neurons. Ectopic expression of full 
length APC or dominant negative mutants of APC leads to failure of mPar3 axon 
targeting and neuronal polarization (Shi et al., 2004). When the endogenous function 
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of APC is perturbed by dominant negative mutants, axon extension is also inhibited 
from mouse DRG neurons (Zhou et al., 2004). Deletion of APC in DRG neurons also 
leads to abnormality in growth cone morphology and the disruption of microtubule 
direction within the growth cone (Purro et al., 2008). During growth cone turning, 
APC is localized in the protruding side of the growth cone, and when APC is 
inactivated on one side of the growth cone, the growth cone turns away from that 
side, suggesting that APC is involved in the direction of axon extension (Koester et 
al., 2007). 
There have been several reports regarding the role of APC in nervous system 
development using different animal models. When APC is deleted in zebrafish retina, 
the retina is disorganized, and axon extension and pathfinding of the retinal ganglion 
cells are defective. Stabilized β-catenin is thought to mediate these defects 
(Paridaen et al., 2009). Using the chick parasympathetic ciliary ganglion as model 
system, the Jacob lab found that APC is required for nicotinic synapse assembly by 
organizing a multi-molecular complex and is important for targeting nAchR to the 
synapses (Temburni et al., 2004; Rosenberg et al., 2008). Drosophila work suggests 
that deletion of APCs does not affect axon growth and targeting but rather affects 
cell cycle and proliferation (Rusan et al., 2008).  
In order to define functions of APC in mammalian brain development, we took 
advantage of a well established APC floxed allele line (Shibata et al., 1997), 
conditionally eliminated APC in the nervous system by nestin-cre mediated 
recombination (APC cKO) and assessed the outcome. Deletion of APC induces 
marked disorganization of the developing brain, and disruption in the growth and 
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targeting of major axon tracts. In vitro, axon morphology is notably abnormal due to 
excessive branching and disorganized microtubules at branch points.  APC cKO 
mice die at a late embryonic stage. Another group using an APC conditional knock 
out approach with Emx I cre confirmed our findings that APC is critical for early 
cerebral cortex development in a paper published after ours (Ivaniutsin et al., 2009). 
The results I present in this chapter have already been published in Neuron in 2009 
(Yokota et al., 2009). In this work, I characterized the neuronal phenotypes of APC 
knockout embryos in vitro, confirmed that these effects were cell autonomous, and 
studied the response of APC null neurons to neurotrophins. I will briefly present the 
overall results of the study and then present my contribution in detail.  
APC is required for mouse cerebral cortex development 
To generate APC conditional knockout mice specifically deleting APC in the nervous 
system, we crossed the APC floxed allele line with the Nestin-cre mouse line and 
analyzed the phenotype at different time points. In the Nestin-cre line cre 
recombinase is widely expressed in CNS neural progenitors (Tronche et al., 1999) 
and induces loss of APC in those cells from around embryonic day 10. Western blot 
analysis confirmed reduction of APC protein from the APC lox/lox Nestin-cre (APC 
cKO) brain tissue (figure 2.1A) and APC cKO embryos can be clearly distinguished 
from the control embryos because of the abnormal enlarged head (figures 2.1B and 
2.1C). Loss of APC dramatically disrupts cerebral cortex organization and 
significantly increases ventricle size (figures 2.1D-K). APC cKO pups die at late 
embryonic stages or shortly after they are born (p0). 
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Deletion of APC disrupts the radial glial scaffold and neuronal migration  
The Cre recombinase driven by the nestin promoter is expressed in developing 
radial glia (Tronche et al., 1999). As the organization of cerebral cortex requires the 
radial glial scaffold, we examined whether deletion of APC induced by Nestin-cre 
recombination had any effect on the radial glia. APC deletion did not affect the 
generation of radial glia, but the radial organization was markedly abnormal as early 
as E13. At middle embryonic stages (E16), the characteristic radial glial scaffolding 
within the emerging cerebral cortex was not discernible compared to wt cortex, and 
the radial fibers from most radial glial cells were short and misoriented. By P0, most 
radial glial cells disappeared in the APC-deficient cerebral cortex and the remaining 
radial glial cells have lost the radial fibers directed to the pial surface. We also found 
that the number of radial glial progenitor cells was significantly reduced in APC null 
cortex. These observations demonstrate that although radial glia are initially 
produced in the APC-deficient cortex, they are unable to maintain polarized 
processes required for the organization of cerebral cortex.  
Radial glia generate new neurons through asymmetric division and provide 
migratory guide for the new neurons in the neocortex. Since radial glial polarity was 
disrupted by APC deletion, we then asked whether neuronal migration in APC-
deficient cortex was abnormal. To test this, we stained the cortex with different 
cortical-layer-specific markers and found that there were fewer neurons in the cortex 
and their laminar positioning was completely disrupted. 
Taken together, these results suggest that APC is required for radial glial 
proliferation, polarization and neuronal migration along radial glia. 
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APC is required for normal axon projections in vivo 
With the previous in vitro evidence suggesting an important role of APC in axon 
extension, we hypothesized that deletion of APC also disrupted axon projection in 
vivo. To test this hypothesis, we labeled axonal fiber tracts in cortex with anti-L1 
antibodies, and examined the axon projection. In control brain slices, thalamocortical 
axon tracts lined nicely along the cortex and cortical axons extend toward other 
areas of the cortex and distant CNS regions. However, in APC-deficient brain, we 
found that axons swirl around, are grossly misrouted, and do not orient or fasciculate 
toward their appropriate targets (Figures 2.2A and 2.2B). 
At E14 when the initial axon outgrowth of newly arrived deeper layer cortical neurons 
starts to occur in normal cortex (asterisk, Figure 2.2C), extension of APC-deficient 
axons is disrupted and is characterized by clustering of misrouted axons (arrow, 
Figure 2.2D). By E16, prominent defects are evident in the growth, orientation, and 
organization of major cortical fiber tracts in the brain, such as the internal capsule, 
posterior commissure, and habenulo-peduncular tract (Figures 2.2E–2.2H). In 
addition, extension of thalamic axons toward cortex is also disrupted. 
Thalamocortical fibers do not orient or fasciculate properly and are misrouted in the 
developing cerebral wall (arrowheads, Figures 2.2I and 2.2J).  
APC deletion induces excessive axon branching in vitro 
Since the APC-deficient brain structure is very abnormal, it is hard to say whether 
the dramatic axonal defects in vivo result from neuron cell-autonomous mechanisms 
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or from disrupted radial glial scaffolding. Therfore we took advantage of an in vitro 
culture system and analyzed axon morphogenesis in vitro. 
We dissociated cortical neurons from APC-deficient embryos at E14 to E16 and 
cultured at low densities for varying time periods (2DIV to 7DIV) on poly-D-lysine 
and laminin coated coverslips. Interestingly, most APC-null neurons extend one long 
axon similar to that of control neurons. However, axon morphology is markedly 
different from control neurons. Instead of a long straight major axon with few short 
minor branches, APC-deficient axons exhibited remarkably excessive branching. 
The branching phenomenon occurred as early as 2 days in vitro, shortly after 
neurons polarized into axons and dendrites, and became more prominent when 
cultured for a longer period of time (figure2.3). The numbers of primary and 
secondary branches from APC-deficient axons are as many as twice those of control 
neurons. 
To exclude the possibility that the excessive branching was caused by the disrupted 
brain development, I dissociated normal neurons from APC flox/flox and APC flox/wt 
embryos and eletroporated with expression vectors encoding Cre-GFP to induce 
recombination in vitro, and examined the axon morphology. Consistently, I also 
observed excessive branching of cre positive neurons from APC flox/flox embryos, 
compared with that from APC flox/wt embryos (figure 2.4). This indicates that the 
branching phenomenon I observed from APC deficient neurons is cell autonomous. 
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Besides the exuberant branching, the distal portion of APC-deficient axons curved 
back toward the parent axon frequently, and this is distinctly different from control 
straightly growing axons (figure 2.3, arrows).  
Further, APC-deficient neurons do not respond to BDNF, a neuronal growth factor, 
which normally induces axonal branching at this age in vitro (Ozdinler and Macklis, 
2006). When neurons were cultured for 5 days in vitro, total number of axon 
branches in wild-type neurons increases in response to 50 ng/ml BDNF (WT, 6.6 ± 
0.5; WT + BDNF, 10.6 ± 0.8), whereas BDNF did not induce increased branching in 
APC-deficient neurons (APC cKO, 10.8 ± 0.8; APC cKO + BDNF, 8.6 ± 0.7, the 
difference is statistically insignificant).    
Since axon branching requires dynamic cytoskeleton reorganization (Dent and Kalil, 
2001), I examined the cytoskeletion organization in APC-deficient axons. For these 
observations, neurons were stained with anti-α-tubulin antibody and examined at 
high power using confocal microscope.  I found that at the branching points of APC-
deficient axons, microtubules are highly debundled (figure 2.5). In some neurons the 
microtubule debundling and disorientation was quite dramatic. An example is shown   
in figures 2.5 C and 2.5D. Importantly, we noted that multiple processes arose from 
these branch points. Thus APC is important to normal microtubule organization 
during axon growth and branching.  
Taken together, these results strongly indicate that APC is important for establishing 
normal axon morphology, and this effect at least partly involves regulation of 
microtubule organization. 
24 
 
Summary 
From our study, we conclude the following: 
1. APC is critical for mouse brain development  in vivo 
2. APC is important for normal axon morphogenesis both in vivo and in vitro 
3. Deletion of APC leads to exuberant axon branching from mouse cortical 
neurons in vitro 
4. The excess branching phenotype is cell autonomous. 
5. Microtubule organization is abnormal in APC-deficient neurons. 
These results set the stage for the experiments described in the next chapter 
directed at how APC mediates these effects.  
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Figure 2.1 
 
 
 
Figure 2.1. Disrupted brain structure in APC conditional knockout embryos by 
nestin-cre mediated recombination.  
(A) Immunoblot analysis of whole-cell extracts of E16 cerebral cortex indicates 
significant reduction in APC following Nestin-Cre-mediated recombination of APC 
floxed alleles. (B, and C) Images of control (B) and APC-deficient embryos (C) at 
E16. (D-K) Nissl-labeled cortical sections from embryonic day (E) 13 (D, E, H, and I) 
and 17 (F, G, J, and K) indicate widespread cellular disorganization of cortical 
structures throughout the rostrocaudal extent of developing brain in mice deficient in 
APC (APClox/loxNestin-Cre; [F–I]). R, rostral; C, caudal. Scale bar: 230 μm ((D, E, H, 
and I), 1100 μm (F, G, J, and K). 
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Figure 2.2.  
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Figure 2.2.  APC Regulates Patterns of Neuronal Connectivity in the 
Developing Cerebral Cortex. 
(A and B) Labeling of axons entering and exiting the developing cerebral wall (E16) 
with anti-L1 antibodies indicates that the characteristic patterns of growth of these 
axonal fiber tracts are disrupted in APC-deficient mice. (C and D) At E14 when 
newly arrived neurons in the cortical plate begin to extend axons (asterisk, [C]), APC 
deficiency leads to disrupted axonal extension characterized by clustered swirling of 
these axons (arrow, [D]). By E16, the patterned growth of major cortical fiber tracts is 
altered in APC-deficient cortex. Higher-magnification images of midbrain regions (E 
and F) and the corticostriatal boundary (G and H) demonstrate the deficits in the 
extension and orientation of axons traversing in posterior commisure (PC, [E and F]), 
habenulo-peduncular tracts (HPT, [E and F]) and internal capsule (IC, [G and H]). 
Compare the areas indicated by asterisk and arrow (E–H). Labeling of 
thalamocortical axons with anti-calretinin antibodies indicates the drastic disruption 
of their extension into the cortex (I and J). Instead of fasciculating adjacent to L1+ 
axonal tracts (arrowheads, [I]), they extend in a totally disorganized manner within 
the cerebral wall (arrowheads, [J]). IC, internal capsule; PC, posterior commisure; 
HPT, habenulo-peduncular tract. Scale bar: 325 μm (A and B), 275 μm (C and D), 
250 μm (E–J). 
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Figure 2.3 
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Figure 2.3. Deletion of APC leads excessive axon branching in vitro. 
 Neurons were labeled with an anti-neurofilament antibody. 
(A and B) Wild type (A) and APC-deficient (B) neurons cultured for 2 days in vitro. 
(C- E) Wild type (C) and APC-deficient (D) neurons cultured for 7 days.  Numbers of 
primary and secondary branches from APC-deficient axons are much higher than 
those from wt axons (E). Compared to controls, the growth tips of these axons 
consistently curl around and back towards the parent axon (arrows, D]). 
n>150 neurons for each condition from three independent experiments. 
 Data shown are mean ± SEM 
** : p < 0.01 by student t test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
30 
 
Figure 2.4 
 
 
 
Figure 2.4. Axon branching is induced when APC is deleted in vitro.  
Neurons were dissociated from APC fl/wt (A) or APC fl/fl (B) embryos and 
electroporated with a vector encoding cre-GFP and cultured for 3 days in vitro. 
Green indicates GFP expression, and red indicates anti-β-tubulin III  staining. The 
number of primary and secondary branches are quantified and compared between 
APC fl/wt and fl/fl neurons (C).  
n>150 neurons for each condition from three independent experiments. 
*: P<0.05 and **: P<0.005 (by student t-test) 
 
 
31 
 
Figure 2.5 
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Figure 2.5. Microtubule organization is disrupted at the branch points of APC-
deficient axons. Control (A) and APC cKO (B-D) neurons were cultured for 4 days 
in vitro, and double labeled with microtubules by anti-α-tubulin antibody (red) and F-
actin by phallodin (green).  
(A) A branch point from control axon. Note that microtubule filaments at the 
branch points of control neurons are tightly bundled (A). 
(B) A branch point from APC deficient axon. Note that microtubule filaments are 
diffuse and de-fasciculated at the branch point (B). 
(C)  An APC deficient neuron with excessively branched axon. 
(D)  High magnification image of the boxed insert in (C) showing that multiple 
branches extending from a branch point with highly disrupted microtubule 
organization. 
* indicates bundled (A) or debundled (B) microtubules at the branch points of control 
(A) and APC deficient (B) axons. 
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Chapter 3 APC regulates cytoskeleton organization and axon branching via its 
N-terminus 
Background 
Previously we showed that loss of APC severely disrupted the structure of the 
developing cerebral cortex as well as axon projections in vivo. I demonstrated that 
APC is essential to the regulation of neuronal morphology as APC-deficient cortical 
neurons exhibited exuberant axon branching in a well established in vitro paradigm 
(Yokota et al., 2009). I further demonstrated that APC regulation is cell autonomous.  
In the current study, I further investigated the role of APC in cortical neuron axonal 
arborization. Axon branching involves cytoskeleton reorganization. During branch 
initiation and extension, microtubules splay apart and actin filaments are 
accumulated at the branching points (Dent and Kalil, 2001). Increased numbers of 
filopodia also contribute to branch formation (Dent et al., 2004; Gallo and 
Letourneau, 1998; Guerrier et al., 2009). APC regulates both microtubules and the 
actin cytoskeleton (see Chapter 1).  
The 316KD APC protein contains multiple functional domains and binds to proteins 
involved in variety of cellular processes including regulation of the cytoskeleton. 
Extensive domain analysis has been carried out in vitro in non-neuronal cells. At 
least four groups of functions have been specified. Binding of IQGAP and Asefs to 
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the armadillo repeats at the amino-terminus of APC is important for cell protrusion 
and lamellipodia formation in non-neuronal cells. These functions are presumably 
related to the established regulation of the actin cytoskeleton by IQGAP and Asefs. 
Kinesin associated protein 3 (KAP3) also binds to this domain and is involved in 
kinesin functions. The carboxyl-terminus of APC binds to microtubules and 
microtubule plus end binding protein EB1. This microtubule and EB1 binding is 
thought to be important in regulating microtubule stability (Nakamura et al., 2001) 
and has been hypothesized to be important in axon extension (Zhou et al., 2004). 
The DLG1 binding region associates with DLG1 and is probably important for 
neuronal synaptogenesis (Matsumine et al., 1996). Finally, the middle region of APC 
is the β-catenin regulating domain and targets β-catenin for degradation. Loss of 
APC increases β-catenin and hence β-catenin mediated gene transcription.  
It is plausible that all domains of APC are required to mediate its morphological 
regulation of neurons. On the other hand, functions mediated by a specific domain, 
such as regulation of β-catenin, binding to microtubule plus ends or regulation of 
IQGAP and ASEF, might be most important. All previous investigations in neurons 
have been directed at functions of the entire protein with shRNA knockdown or 
dominant inhibitory approaches. I took advantage of having defined morphological 
abnormalities in neurons that lack APC altogether. I reasoned that by introducing the 
various APC-domains into neurons and assessing ability to rescue morphology that I 
could specify the most important domains for regulating neuronal morphology.  
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 Therefore, in the present study, I have further investigated the cytoskeleton 
organization in APC-deficient neurons and determined the functional domain within 
APC that is most important for neuronal cytoskeletal regulation. 
Results 
Deletion of APC leads to excessive axon branching without affecting neuronal 
polarization 
Cultures were prepared from the APC conditional knock out mouse model described 
in our previous paper (Yokota et al., 2009). APC conditionally mutant embryos were 
easily identified by the abnormally shaped head as early as embryonic day 14 (E14) 
and the abnormal brain morphology became more prominent at later embryonic 
stages. Heterozygous embryos appeared normal (figure 2.1, data not shown). The 
effect of eliminating APC on brain morphology was confirmed by observations on an 
independently generated APC flox allele line (figure 3.1; Kuraguchi et al., 2006). As 
results with two lines seemed similar, I concentrated on the originally generated 
floxed allele line for the remainder of my studies.    
I confirmed reduction of APC protein in cortical neurons cultured in vitro. Western 
blot analysis showed major reductions in APC protein levels as expected.  Residual 
APC protein is due to fibroblasts in the culture that do not express cre recombinase. 
As expected, β-catenin protein levels were higher than in control cultures 
(figure3.2A). The magnitude of this increase (similar to what we observed in vivo) 
may not be as great as expected, possibly due to the presence of APC2.  
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I also confirmed loss of APC in neurons by immunohistochemistry. Several 
commercially available APC antibodies are directed at different regions of APC. A 
previous study carefully characterized the staining pattern of each APC antibody 
(Brocardo et al., 2005). It turned out that no antibody was perfect for both 
immunofluorescence and western blot analysis, but some antibodies worked for 
western blot analysis and also stained strongly for membrane protrusions. These 
include the N-terminus targeted antibody Ali 12-28 (Abcam Ltd) and C20 (Santa 
Cruz Biotechnology). Staining with the APC C-20 antibody clearly demonstrated 
APC accumulation at axons tips as well as membrane protrusions in MDMCK cells 
harboring wild type endogenous APC (figure 3.2B; Zhou, et al 2004; Brocardo et al., 
2005). In our hands, C20 appeared to be not entirely specific for 
immunohistochemistry as there was some staining in the soma in knockout animals. 
However, C20 clearly revealed APC accumulation at the tips of control axons.  In 
contrast, in cultures from APC mutant animals, C-20 staining was absent from the 
axon tips in virtually all neurons that I examined (figure 3.2B, lower panels). 
Several recent studies suggest that APC is involved in cell polarization and that 
interruption of endogenous APC function by dominant negative mutants of APC 
affects neuronal polarization (Shi et al., 2004; for review see Barth et al., 2008). I 
asked whether loss of endogenous APC had any defect on axon-dendritic 
specification on cortical neurons. To test this, I cultured cortical neurons from both 
APC cKO embryos and wild type littermates at E14.5 to E15 for four days in vitro 
(4DIV). I then fixed and stained neurons with anti-tau1 and anti-MAP2 antibodies 
which specifically mark axons and dendrites respectively. At that stage, wild type 
37 
 
neurons are fully differentiated, typically with one axon and several dendrites (figure 
3.2C). Interestingly, I found that neurons from APC cKO embryos also had one axon 
and several dendrites (figure 3.2C). Quantification showed that the average number 
of axons and dendrites from APC cKO neurons did not differ significantly from that of 
wild type neurons (figure 3.2D). This result demonstrates that deletion of APC from 
mouse cortical neurons did not affect neuronal polarization. However, cortical 
neurons in APC cKO cultures were highly branched compared to controls as we had 
demonstrated previously (figures 3.2C and 3.2D).  
Next I asked whether gene dosage has any effect on axon branching. To test this, I 
cultured neurons from wild type, heterozygote and APC conditional knockout 
embryos, and examined their morphology at 4DIV. I found that neurons from wild 
type and heterozygote embryos exhibited similar morphology with few axon 
branches and in fact heterozygote neurons do not have excessive axon branching 
(figure 3.3). Consistent with our published finding, the number of branches from APC 
deficient neurons is much higher than that from wild type or heterozygote neurons 
(figure 3.3).  A caveat related to interpretation of these experiments is that we have 
no clear evidence that APC protein levels are reduced in heterozygous mutants. 
APC-deficient growth cones are destabilized 
To investigate how supernumerary axon branches extend from APC-deficient axons, 
I performed time lapse imaging to monitor branch sprouting in vitro. In the first 
experiments, I cultured control and APC-deficient neurons for 2 days before imaging 
and imaged every 15 to 30 minutes for 24 hours. 
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Previously, I noticed that many APC-deficient neurons exhibited “curling” axons 
(figure 2.3 arrows). Consistent with that observation, with live cell imaging, I found 
that wild type axons usually extended straight in a certain direction while APC null 
axons frequently turned away from the original direction and curled. Striking 
examples imaged over 24 hours are shown in figures 3.4A and 3.4B. Quantification 
showed that more than 60% of APC deficient axons changed the direction by more 
than 90 degrees of axon elongation from the starting time point to the ending time 
point, while less than 40% of control axons showed the same phenomenon (figure 
3.4C).In fact, many axons from APC deleted neurons curled more than 180 degrees, 
including some that made almost 360 degree circles (figure 3.4B, arrow head).  
 Another striking phenomenon I observed from APC deficient neurons is that growth 
cones frequently split, producing multiple branches at the same time. An example 
with 4 branches emanating from a growth cone is shown in figure 3.4D (arrow head). 
Although branches sometimes arose from control neurons, I rarely observed control 
growth cones splitting into multiple branches.  
To follow up on this growth cone branching phenomenon, I examined APC deficient 
neurons at earlier stage from 1DIV to 2DIV. Surprisingly, time lapse imaging 
revealed that growth cone splitting occurred even before neurons polarized with 
distinct axon and dendrite formation (figure 3.4E, top panels). The same neurons are 
shown in figure 3.4E bottom panel at 2DIV. At this stage, many growth cones split, 
producing multiple branches at the same time (figures 3.4E, lower panel asterisks). 
These results indicate that APC is important for directional extension of axons and 
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normal morphology of growth cones. I hypothesize that this growth cone reflects 
major abnormalities in microtubule/actin interactions in APC deleted neurons. 
APC is important for microtubules organization in the growth cone and 
bundling of microtubules in the distal axon shaft  
Microtubule reorganization occurs during axon branching (Dent et al., 2003) and I 
observed debundling of microtubules at branch points of APC null axons (figure 2.5; 
Yokota et al., 2009). I hypothesized that the splayed microtubules observed at 
branch points of APC null axons resulted from growth cone splitting and that 
microtubules are debundled before branch sprouting. To test this hypothesis, I 
examined microtubule and actin organization at growth cone at 1 DIV, prior to 
neuronal polarization and at 2DIV immediately after axon specification. At these 
early stages growth cones are quite large and the organization of microtubules and 
actin is more readily apparent than at later stages when growth cones are smaller. I 
fixed neurons and stained them with anti-α-tubulin antibody and phalloidin to 
visualize microtubule and F-actin organization in the growth cone. At 1 DIV, most 
neurons have differentiated and extended short processes, prior to the specification 
of an axon.  
Normally, three distinct regions are present in the growth cone according to the 
differential distribution and organization of microtubules and actin filaments (for a 
review, see Lowery LA and Vactor DV, 2009). Consistent with previous reports, in 
wild type neurons, microtubules bundled tightly along the axon shaft, became 
gradually de-fasciculated in the central domain and extended to the transition 
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domain and peripheral domain directly (figures 3.5A-3.5D). Lamellipodia and 
filopodia were easily distinguished in control growth cones. Strikingly, microtubules 
in the growth cones of APC null neurons were highly disrupted. They were highly 
splayed apart and disoriented. Instead of extending toward the growth cone leading 
edge, microtubules were arranged irregularly without any clear direction and they 
were widely separated from each other compared to wild type neurons (figures 3.5E- 
3.5H). This abnormal microtubule organization was observed in the growth cones of 
most of the neurites in APC-deficient neurons. These findings demonstrate that APC 
is important for directional extension and bundling of microtubules in the growth 
cone. It would seem reasonable that this type of abnormality could give rise to the 
growth cone “splitting” observed in the time lapse studies. 
In growth cones with abnormal microtubule structure, actin filaments were also 
disorganized. Instead of lamellipodia and filopodia in the peripheral domain of the 
growth cone normally seen in wild type neurons, actin filaments were also 
disoriented and there were no distinct lamellipodia (figure 3.5H).  
One consequence of the disrupted microtubules and lamellopodia is that, APC-
deficient growth cones are much larger than control growth cones. This observation 
provided a convenient means for me to quantify my findings about disordered 
microtubules and actin in APC deleted growth cones. Quantification shows that 
depletion of APC induces almost two-fold increase in growth cone size (60.71 ± 5.13 
μm2 for control neurons and 116.49 ± 5.31 μm2 for APC deficient neurons; p<0.005 
by t test; figure 3.5I). This phenomenon is not due to an overall growth in cell size, 
since the sizes of cell bodies from both control and APC cKO neurons are not 
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significantly different (205.17 ± 9.95 μm2 for control neurons and 206.04 ± 12.47 μm2 
for APC deficient neurons; p>0.5 by t test; figure 3.5J).  
Since normally large growth cones do not extend as fast as small growth cones, it is 
possible that the neurites with the enlarged growth cones would never become 
axons. However, two observations suggest that APC deficient axons could result 
from the neurites with enlarged growth cones. First, I observed large axonal growth 
cones split into multiple branches from 2DIV when the neurons imaged were fully 
polarized and axons were clearly distinct from dendrites (figure 3.4D). Second, from 
fixed neurons stained with microtubule and actin markers at slightly later stages, I 
noticed that microtubule organization is frequently drastically disrupted and 
disoriented at the branch points of fully polarized neurons (figures 2.5C and 2.5D). 
These results are consistent with the idea that the branch points with disrupted and 
debundled microtubules are a remnant of the split growth cones. Full proof of this 
idea will require extending time lapse imaging to 48 hrs and observing the ultimate 
fate of the split growth cones directly.  
Finally I examined axonal growth cone morphology from polarized neurons at 2DIV. I 
selected neurons with distinct axon and dendrites but few or no axon branches. I 
compared the cytoskeleton organization between control and APC deleted growth 
cones. Similar to the microtubule debundling phenomenon at the growth cone of 
differentiated yet non-polarized neurons, microtubules are also highly defasiculated 
at the growth cone of APC–deficient polarized neurons (figure 3.6). This 
phenomenon was easily quantifiable. Strikingly, microtubule debundling occurs at a 
long distance along the distal part of axon, while in control axons, microtubule 
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debundling is normally restricted to the central domain of growth cone within a short 
distance (6.40 ± 1.09 μm for control neurons and 27.69 ± 2.29 μm for APC deficient 
neurons; p<0.001 by t test; figure 3.6I). As a result, APC-deficient axons are thicker 
than control axons, and the diameter measured from the thickest point is more than 
3 fold of that of control axons (2.64 ± 0.17 μm for control neurons and 8.92 ± 0.46 
μm for APC deficient neurons; p<0.001 by t test; figure 3.6K). 
Besides microtubule reorganization, axon branching also requires actin 
reorganization and increased filopodia predicts branch formation (Dent et al., 2004; 
Gallo and Letourneau, 1998; Guerrier et al., 2009). Therefore, I quantified filopodia 
number at the growth cone of APC-deficient neurons. I found that deletion of APC 
significantly increased filopodia formation at the growth cone of axons prior to 
exuberant branching, suggesting that one way by which APC suppresses axon 
branching is through inhibition of filopodia formation (11.90 ± 0.57 for control 
neurons and 16.23 ± 1.27 μm for APC deficient neurons; p<0.005 by t test; figure 
3.6L). 
Taken together, these data clearly demonstrate that APC is important for 
microtubule bundling and orientation as well as actin organization at the growth cone 
and set the stage for determining which domains of APC are important in mediating 
these effects. 
Microtubule stabilization by taxol abolishes axon branching in APC deficient 
neurons 
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Previous studies have shown that attenuation of microtubule dynamics, i.e. 
microtubule polymerization and depolymerization, reduces axon branching in cortical 
neurons (Dent and Kalil, 2001). To investigate whether altering microtubule 
dynamics had any effect on axon branching induced by APC deletion, we first 
treated neurons with a low concentration of taxol (5nM) which stabilizes 
microtubules. This treatment had two effects. Consistent with previous reports (Dent 
and Kalil, 2001; Witte et al., 2008), treatment of control neurons with taxol caused 
the number of axons to increase substantially with a corresponding reduction in the 
number of dendrites (figure 3.7). Similar to control neurons, when APC deficient 
neurons were treated with taxol, they also produced multiple axons (figure 3.7).  
An additional effect of the taxol in APC deleted neurons was to eliminate the 
exuberant axon branching. Axon branching from both control and APC-deleted 
neurons was almost eliminated by 5nM taxol (figure 2.7I). These results indicate that 
APC deletion induced microtubule disorganization is reversed by taxol treatment. 
Next, I treated neurons with low concentration of colchicine to slightly depolymerize 
microtubules. Treatment of control neurons with 5nM colchicines for four days 
decreased the number of dendrites as well as axonal branches (figure 3.7), which is 
consistent with previous reports when microtubules were slightly depolymerized by 
low concentrations of nacodazole (Dent and Kalil, 2001; Witte et al., 2008). Similarly, 
5nM colchicine treatment of APC null neurons significantly decreased the number of 
dendrites (figure 3.7H). Microtubule destabilization by colchicine also slightly 
decreased axonal branching in APC deficient neurons.  
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Taken together, these results suggest that attenuation of microtubule dynamics by 
microtubule polymerization or depolymerization inhibitors has the same effect on 
neuronal morphology of control and APC deficient neurons.  
Stabilization of β-catenin does not increase axon branching 
I next performed a domain analysis in order to determine motifs within the APC 
protein that are important for mediating regulation of axon morphology. 
APC plays an important role in regulating intracellular β-catenin levels by targeting β-
catenin for degradation (for review, see Bienz and Clevers. 2000). Deletion of APC 
in cultured cortical neurons significantly increased the protein level of β-catenin 
(figure 3.2a). To begin to investigate the mechanism by which APC regulates axon 
morphology, I asked whether the increased axonal branching was caused by 
stabilized β-catenin in APC knock out cortical neurons. To test this, first I expressed 
a stabilized form of β-catenin (β-catenin-ca) in wild type cortical neurons such that β-
catenin is resistant to proteasome mediated degradation (Liu et al., 2002). It has 
been shown that stabilized β-catenin inhibits neurite initiation and elongation in 
PC12 cells and mouse retinal cells (Votin et al., 2005; Ouch et al., 2005) and 
another group also showed that β-catenin stabilization increases dendritic 
arborization (Yu and Malenka, 2003). Consistent with the latter report, I observed an 
increased dendritic complexity indicated by the number of dendrites by expression of 
β-catenin–ca in wild type neurons, while the number of axons and axonal branches 
did not differ significantly from that of GFP-expressing wild type neurons (figure 3.8). 
I then expressed a β-catenin inhibitor ICAT (Tago et al., 2000) in APC null neurons. 
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The morphology of neurons expressing ICAT was similar to APC null neurons 
expressing GFP alone and the number of axonal branches was not significantly 
different between GFP and ICAT expressing neurons (figures 3.8B, D and E). 
Together, my results suggest that increased axonal branching observed in APC 
deleted neurons is not caused by stabilized β-catenin. 
The N-terminal region of APC is sufficient to suppress branch formation in 
APC deficient cortical neurons 
Since APC is involved in several protein complexes and signaling pathways, we 
wanted to know which specific domain of APC is responsible for regulating axonal 
branching and microtubule bundling. To address this issue, we electroporated APC 
deficient neurons with a series of GFP fused truncation mutants of APC (figure 3.9) 
and assessed their morphology after 4 days in vitro.  
Since the deletion mutants were GFP fusion proteins, we could verify that the 
construct was expressed in cells chosen for analysis (figures 3.10A-F). To exclude 
the possibility that different expression levels of the deletion mutants could result to 
different effects on neuronal morphology, I first measured the expression levels in 
the neurons by GFP fluorescent intensity. Each deletion mutants has distinct 
subcellular localization pattern when expressed in neurons, so it is reasonable to 
measure the GFP fluorescent intensity from the entire neuron instead of 
distinguishing between cell soma and axons. In fact, there were no significant 
difference of GFP fluorescence intensity among the deletion mutant constructs 
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(Figure 3.10G), suggesting that the effects we observed did not result from different 
expression levels of each deletion mutant.  
As expected, expression of EGFP did not alter the branching patterns of control and 
APC null neurons (figures 3.10A, 3.10B and 3.11). APC has domains that suggest 
the regulation of both actin and microtubules. Since the C-terminal of APC contains 
the microtubule binding domain and the EB1 binding domain which are important to 
regulate microtubule dynamics, we hypothesized that expression of either the 
microtubule binding domain (APC-C1) or the EB1 binding domain (APC-C2) or both 
(APC-C) might rescue the branching phenotype of APC-deficient neurons. 
Surprisingly expression of the microtubule binding domain alone had no effect on 
axonal branching. Further, the C-terminal APC deletion mutants containing both 
microtubule binding domain and EB1 binding domain or the EB1 binding domain 
alone only partially rescued the branching phenotype (figure3.11). Thus expression 
of the microtubule domain (green) showed branching not significantly different than 
APC deleted (black). Both APC-C (bluegreen) and APC-C2 (blue) showed a minor 
effect with slightly less branching than APC deleted neurons (black) but significantly 
more branching than controls (gray). 
Remarkably, we found that expression of the N-terminal of APC containing 
the oligomerization domain and armadillo repeats (APC-N) completely rescued the 
excessive branching caused by deletion of APC (figure 3.11). Expression of APC-N 
(purple) significantly suppressed axon branching from APC deficient neurons. In 
fact, the number of primary branches and total branches and the axon morphology 
were similar to control neurons expressing GFP alone (grey) (figure 3.11). These 
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results suggest that APC-N plays an important role for axon morphogenesis and is 
sufficient to suppress axon branching induced by APC deletion in mouse cortical 
neurons. 
The N-terminus contains two distinct functional domains, the oligomerization 
domain and the armadillo repeats. To tease out which domain within the N-terminus 
of APC suppresses axon branching, I expressed the oligomerization domain and the 
armadillo repeats in APC-deficient neurons respectively. Interestingly, expression of 
the oligomerization domain alone has no effect on axon branching (figure 3.12A). 
Also, I fused the oligomerization domain with EB1 binding domain (APC-N1-C2) and 
examined the effect. Importantly, I did not observe any rescue of branching 
phenotype by APC-N1-C2 (figure 3.12B). Interestingly transfection of the armadillo 
repeats only partially rescued the branching phenotype (figure 3.12A). One 
possibility is that dimerization of different domain is necessary but not sufficient for 
suppression of axon branching. These results suggest that both the oligomerization 
domain and the armadillo repeats within the N-terminus of APC are important 
maintaining normal axon morphology.  
As shown before, microtubules are highly debundled at the distal part of APC-
deficient axons at early stages. I wanted to know whether microtubule organization 
was rescued by any of the APC truncation mutants. To test this, I fixed neurons one 
day after electroporation when debundling is very prominent and stained them with 
an anti-α-tubulin antibody. GFP expression had no effect on microtubule 
organization in either control or APC-deficient neurons (figures 3.13A and 3.13B). 
Expression of the Armadillo repeats, the EB1 binding domain or the fused 
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oligomerization and EB1 binding domains did not rescue microtubule debundling 
(figures 3.13D-3.13F). However, microtubules were tightly bundled in neurites of 
APC-N expressing neurons (figure 3.13C). This observation provides further support 
for the importance of the N-terminus of APC in regulation of the neuronal 
cytoskeleton.  
Taken together, these results show that the N-terminus of APC including both the 
oligomerization domain and the armadillo repeats is both necessary and sufficient to 
rescue the disrupted microtubule organization and excessive branching of APC-
deficient neurons. The importance of these results related to fully understanding 
APC function in neurons is considered in detail in the discussion. 
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Figure 3.1 
 
Figure 3.1. Deletion of APC in neural progenitors leads to abnormal brain 
development. Representative images of E14 control and APC conditional knock out 
embryos. The APC flox allele line used here was generated independently by 
Kuraguchi and colleagues (Kuraguchi et al., 2006). Note that the head of APC 
deficient conditional knock out embryo is larger than that of control embryo (arrow 
heads). 
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Figure 3.2        
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Figure 3.2. Deletion of APC induces axon branching without changing 
neuronal polarity. 
(A) Western blot showing that APC protein is decreased in cortical neurons together 
with an increase in β-catenin protein level. α-tubulin was used as a loading control. 
Cortical neurons were dissociated from neocortex, plated at around 105 neurons per 
cm2 and harvested at 4DIV. 
(B) Immunostaining shows APC accumulation at the growth tip is lost in APC-
deficient neurons 
(C) Low magnification images shows that APC deficient neurons have more axon 
branches but the number of axons and dendrites is not changed significantly. 
Control and APC cKO cortical neurons were dissociated from E14.5-E15.5 embryos 
and cultured for 4DIV before double labeling with antibodies against Tau1 (red) and 
MAP2 (green). 
(D) Quantifications of the average numbers of axons, dendrites and total axonal 
branches per neurons. Data shown here are quantifications from one experiment. 
***: P<0.001 by student t test 
n>200 neurons from more than five independent experiments. 
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Figure 3.3 
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Figure3.3  Numbers of axonal branches in cortical neurons are increased in 
the absence of APC in vitro.  
(A-C) Representative images of neurons from E14 wild type (A), heterozygote (B) 
and conditional knockout (C) embryos at 4DIV. Neurons were double labeled with 
antibodies against Tau1 (red) and MAP2 (green).  
(D-F) Quantification of the primary (D), secondary (E) and total (F) branches per 
neuron.  
n> 60 neurons from each genotype. 
*** P<0.001 versus wild type by two- tailed student t-test. 
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Figure 3.4 
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Figure 3.4 APC deletion induces growth cone splitting and axon curling during 
axon extension. 
(A-C) Phase-contrast images of control (A) and APC cKO (B and C) axons observed 
over 24hr in time lapse. Neurons were cultured for 2DIV before imaging.  Arrow 
heads indicate the branching points. Arrow shows a curling axon from APC cKO 
neuron. 
(D)  Quantification showing the percentage of control and APC cKO neurons with 
curling during axon extension. Forward extension indicates that axons did not turn 
for more than 90 degrees compared with the initial time point and 24hr. >90 degree 
curve indicates that axons turned for  more than 90 degrees compared with the initial 
time point and 24hr. 
(E) Representative images of APC cKO neurons taken at 1DIV (top panel) and 2DIV 
(bottom panel). Red asterisks indicate the splitting growth cones. 
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Figure3.5   
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Figure3.5 APC deletion induces cytoskeleton reorganization at the growth 
cones of non-polarized cortical neurons. 
(A and E) Representative images of control (A) and APC cKO (E) cortical neurons 
fixed at 1DIV and double stained with phallodin (green) and anti-α-tubulin (red) to 
label F-actin and  and microtubules respectively.  
(B-D and F-H) Higher magnification images of control (B-D) and APC cKO (F-H) 
growth cones from the inserts shown in A and E. C and G show microtubule labeling 
by anti-α-tubulin; D and H show F-actin labeling by phallodin; B is merged image 
from C and D; and F is merged image from G and H. Note that microtubules are 
gradually splayed apart and extending to the leading edge of the growth cone in 
control neurons (C); instead, microtubules are highly debundled and disoriented in 
APC deficient growth cones (G). 
(I) Quantification of the average growth cone size of control and APC cKO neurons 
(mean ±SEM).  
** P<0.005 versus control by two-tailed student t-test. 
(J) Quantification of the average cell body size of control and APC cKO neurons.  
n >90 neurons for each type from three independent experiments. 
All error bars are ±SEM. Scale bars, (A and B) 5μm and (C-K) 1μm 
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Figure 3.6 
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Figure 3.6 APC deletion induces cytoskeleton reorganization at the axonal 
growth cones of early polarized cortical neurons. 
(A and E) Representative Control (A) and APC cKO (E) cortical neurons fixed at 
2DIV and double labeled for F-actin (phalloidin staining in green) and microtubules 
(anti-α-tubulin staining in red). 
(B-D) High-magnification images of control (C-E) growth cones from the inserts 
shown in A.  (C)  Control growth cone labeled with microtubules. (D) Control growth 
cone labeled with F-actin.  (B) The merged image of C and D. 
(F-H) High-magnification images of APC cKO (F-K) growth cones from the inserts 
shown in E.  (G)  APC deficient growth cone labeled with microtubules. (H) APC 
deficient growth cone labeled with F-actin.  (F) The merged image of G and H. 
(I) Quantification of the average distance of the axons with debundled microtubules 
at the distal part. Note that microtubules are debundled for a long distance at the 
distal part of APC cKO axons while microtubule debundling is restricted at the tip of 
control axons. 
(J) Quantification of the average length of axons. 
(K) Quantification of the average diameter of axons at the thickest point. 
(L) Quantification of the average number of filopodia at the growth cone of control 
and APC cKO neurons.  
n=30 neurons for both control and APC cKO conditions. 
** P<0.005 and *** P<0.001 versus control by two-tailed student t-test. 
Data are presented as mean ± SEM. Scale bars, (A and E) 10μm and (B-D and F-H) 
2μm 
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Figure 3.7 
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Figure 3.7. Attenuation of microtubule polymerization decreases axon 
branching from both control and APC deficient cortical neurons.  
(A-F) Control (A-C) and APC deficient (D-F) neurons were treated with DMSO (A 
and D), 5nM taxol (B and E) or 5nM colchicine (C and F) for 4 days and double 
stained with axon marker Tau1 (red) and dendritic marker MAP2 (green). 
(G) Quantification of axon numbers from control and APC deficient neurons treated 
with DMSO, 5nM taxol or 5nM colchicines. Taxol treatment significantly increased 
the number of axons from both control and APC deficient neurons. Colchicine had 
no effect.  
(H) Quantification of axon, dendrite and total axon branch  numbers from control and 
APC deficient neurons treated with DMSO, 5nM taxol or 5nM colchicine . Both taxol 
and colchicine treatment decreased the number of dendrites from control and APC 
deficient neurons. 
 (I) Taxol treatment abolished axonal branching while colchicines treatment slightly 
decreased axonal branching from both control and APC deficient neurons. 
n>150 neurons for each conditions from three independent experiments. Data are 
presented as mean ± SEM. 
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Figure 3.8 
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Figure 3.8 Stabilized β-catenin does not induce branch formation 
 (A-E) Representative images showing control cortical neurons expressing GFP 
alone (A) or stabilized β-catenin (C), and APC cKO cortical neurons expressing GFP 
alone(B) or ICAT (D). Cortical neurons from E14.5-E15.5 embryos were 
electroporated with GFP (A and B), stabilized β-catenin (β-cat*) and β-catenin 
inhibitor ICAT (D) after dissociation and cultured for 4 days in vitro. Neurons were 
double labeled with antibodies against GFP (green) and β-tubulin III (red).  
(E) Quantifications of the number of axons. Expression of β-cat* in control neurons 
and expression of ICAT in APC deficient neurons did not change the number of 
axons compared with control and APC deficient neurons expressing GFP alone. 
(F) Quantifications of the number of total branches (H) per neuron.* p<0.05 versus 
GFP expressing control neurons and # p<0.05 versus GFP expressing APC cKO 
neurons by two-tailed student t-test.  
(G) Quantifications of the number of dendrites. Note that stabilized β-catenin 
significantly increased the number of dendrites in control neurons. *** p<0.001 
versus GFP expressing control neurons by two-tailed student t-test.  
n>120 neurons for each conditions from three independent experiments. 
Data are presented as mean ± SEM. 
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Figure 3.9 
 
 
Figure 3.9 APC domain structure and fragments used in this study. All 
truncation mutants were fused with GFP at the N-terminus. 
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Figure 3.10 
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Figure 3.10 Expression of APC deletion mutants in APC deficient neurons. 
(A-F) Representative images showing control cortical neurons expressing GFP 
alone (A) and APC cKO cortical neurons expressing GFP alone (B) and APC 
truncation mutants (C-F). Cortical neurons from E14.5-E15.5 embryos were 
electroporated with GFP (A and B), and the truncation mutants of APC, GFP-APC-N 
(C), GFP-APC-C (D), GFP-APC-C1 (E) and GFP-APC-C2 (F) after dissociation and 
cultured for 4days in vitro. Neurons were double labeled with antibodies against GFP 
(green) and TUJ1 (red). 
(G) Quantifications of average GFP fluorescent intensity of the neurons expressing 
each deletion mutants. Note that there were no significant differences of expression 
levels among all the deletion mutants. The GFP fluorescent intensities of control and 
APC cKO neurons expressing GFP were not measured here. 
n>140 neurons for each conditions from five independent experiments. 
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Figure 3.11 
 
 
 
 
 
 
 
68 
 
Figure 3.11 N-terminus of APC rescues branching phenotype.  
(A and B) The number of primary branches (A) and total branches (B) per neuron.  
Note that the number of primary branches or total branches from APC deficient 
neurons expressing APC-N is not significantly different to control neurons 
expressing GFP alone and is significantly less than that of APC deficient neurons 
expressing GFP alone. Expression of APC-C or APC-C2 significantly decreased 
branch numbers but the suppression is not complete. Expression of APC-C1 has no 
effect on axonal branching. 
n>140 neurons for each conditions from five independent experiments. 
*: P<0.05 compared with control neurons expressing GFP alone 
#: P<0.05 compared with APC knock out neurons expressing GFP alone 
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Figure 3.12 
 
Figure 3.12 Both oligomerization domain and Armadillo repeats are required 
for suppressing axonal branching. 
(A and B) Quantifications of the number of total branches per neuron. 
Control and APC cKO cortical neurons from E14.5-E15.5 embryos were 
electroporated with GFP and the truncation mutants of APC, GFP-APC-N1, GFP-
APC-N2, and GFP-APC-N1C2 after dissociation and cultured for 4days in vitro. 
n>130 neurons for each condition from three independent experiments. 
*: P<0.05 compared with control neurons expressing GFP alone 
#: P<0.05 compared with APC knock out neurons expressing GFP alone 
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Figure 3.13 
 
 
 
Figure 3.13. N-terminus of APC rescues microtubule debundling phenotype 
in APC deficient neurons 
(A) A control neuron expressing GFP 
(B-F) APC cKO neurons expressing GFP (B), APC-N (C), APC-N2 (D), APC-C2 (E) 
and APC-N1C2 (F). 
Neurons were electroporated with GFP and various truncation mutants after 
dissociating from E14.5-E15.5 embryos and double labeled with antibodies against 
α-tubulin and GFP after 24 hours. 
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Materials and methods 
Mice 
All procedures were carried out according to animal protocols approved by 
University of North Carolina-Chapel Hill. APClox/loxNestin-Cre+ embryos with APC 
conditional deletion in the nervous system were generated by mating mice an APC 
allele flanked by loxP sites (Shibata et al., 1997) with Nestin-Cre mice (Tronche et 
al., 1999). Since no difference were observed between heterozygote embryos 
(APClox/+ Nestin-Cre+) and wild type littermates (APClox/lox Nestin-Cre- or APClox/+ 
Nestin cre-), all these littermates were used as controls. 
Genotyping 
The genotypes of all embryos were tested by PCR using primers specifically 
targeted to APC flox allele, wild type allele and cre allele. Primers for APC flox allele 
and wild type allele are: p3 5’-GTTCTGTATCATGGAAAGATAGGTGGTC-3’; p4 5’-
CACTCAAAACGCTTTTGAGGGTTGATTC-3’; and p5 5’-
GAGTACGGGGTCTCTGTCTCAGTGAA-3’ . Primers for cre allele are: Cre For 5’-
GTTGCTTCAAAAATCCCTTCC-3’; and Cre Rev 5’-
AGCTAAAGATGCTTCATCGTCG-3’      
Antibodies and reagents 
Rabbit anti-APC (C-20) was from Santa Cruz Biotechnology (Santa Cruz, CA). 
Mouse anti-α-tubulin and mouse anti-β-tubulin III were from Sigma (St. Louis, MO). 
Mouse anti-tau1 and rabbit anti-microtubule-associated protein 2 (MAP2) were from 
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Millipore (Billerica, MA). Anti-green fluorescent protein (GFP) was from molecular 
probes (Eugene, OR). Anti-β-catenin was from Cell Signaling Technology (Beverly, 
MA). All fluorescence-labeled secondary antibodies were either from Jackson Labs 
(Bar Harbor, ME) or Molecular Probes (Eugene, OR). Fluorescence-labeled 
phalloidin was from molecular probes (Eugene, OR). 
DNA constructs 
DNA constructs were amplified and purified with by EndoFree Plasmid Maxi kits 
(QIAGEN Sciences). 
The N-terminal truncation mutant APC-N, and the C-terminal truncation mutants 
APC-C, APC-C1, and APC-C2 were generated in our lab and described previously 
(Zhou et al., 2004). APC-N1 and APC-N2 were kindly provided by Dr Inke Nathke (Li 
and Nathke, 2005). Stabilized β-catenin was kindly provided by Dr Fengquan Zhou. 
ICAT was kindly provided by Dr Anjen Chenn (Wrobel et al., 2007). 
To generated APC-N1-C3, first, APC-N1 (using Hind III and Sal I sites) and APC-C3 
(using Sal I and BamH I sites) were cloned into pEGFP-C1 (Clontech) respectively. 
APC-C3 fragment was then excised by Saml I and BamH I from the plasmid and 
cloned into pEGFP-C1-APC-N1 plasmid. 
Primary neuronal cultures 
Mouse embryonic cortical neurons were isolated and dissociated from E14-E16 
embryonic cerebral cortex by trypsin treatment for 5min and then washed with 10% 
FBS in MEM medium. Neurons were plated onto poly-D-lysine and laminin coated 
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coverslips (for morphology anaylsis) or dishes (for western blot analysis) and 
maintained in neurobasal A medium supplemented with B27, Glutamine and 
penicillin/streptomycin. Neurons were cultured for 1 to 7 days in vitro (DIV) as 
indicated and were fixed or harvested for further analysis. Cell densities were around 
300 neurons per cm2 for axon branching analysis and around 105 neurons per cm2 
for western blot analysis. 
Immunocytochemistry 
Neurons were fixed with 4% parafomaldehyde in 0.1 M sodium phosphate buffer (pH 
7.2) for 20 minutes, and permeabilized and blocked with 2% BSA in PBS containing 
0.1% triton X-100 and NaN3. 
Then they were incubated with primary antibody at 4°C overnight, followed by 
secondary antibody incubation for 1hour. After mounting, neurons were examined 
under wide field microscope (for branching analysis) or confocal microscope (for 
cytoskeletion analysis). 
Western blot analysis 
After culturing for 4 days in vitro, neurons were harvested and lysed in RIPA lysis 
buffer (150mM NaCl, 50mM Tris pH7.5, 1mM EGTA, 10% glycerol, 1% NP40, 0.25% 
SDS and proteinase Inhibitor cocktail).  Protein concentration was measured by Bio-
Rad Protein Assay system. Proteins were separated on 4%–12% SDS-PAGE 
gradient gel and transferred onto nitrocellulose membrane. The membrane was then 
incubated with rabbit anti-APC (c20 from Santa Cruz), rabbit anti-β-catenin (cell 
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signal), and mouse anti-α-tubulin (sigma) respectively. The secondary antibody 
donkey anti-mouse or anti-rabbit IgG conjugated to HRP (Amersham) was used and 
the ECL reagents (Amersham) were used for immunodetection. 
Analysis of axon branching 
Cortical neurons were immunostained with anti-tau1 and anti-MAP2 antibodies and 
imaged under wide field microscope with metamorph software. Tau1-positive 
neurites were counted as axons and MAP2-positive neurites were counted as 
dendrites. Only branches longer than 20μm from axons were included in the analysis. 
Primary branches are branches initiating from the major axons and secondary 
branches are branches initiating from primary branches. Total branches are the sum 
of primary branches, secondary branches and higher degree branches from all the 
axons from one neuron. The difference between control and APC cKO neurons was 
assessed by student t-test. The percentage neurons with curled axons (i.e., axon 
terminals with more than 90 degree deviation from the axon shaft) was also 
measured. 
Acquisition of images  
Neurons were cultured and stained as indicated. Images were taken either by 
metamorph under the wide field microscope or LSM under the Zeiss confocal 
microscope. When neurons were visualized by the wide field microscope, around 50 
consecutive fields for each experimental condition were imaged to avoid bias or 
selection of special neurons. When neurons were visualized by confocal microscope, 
around 30 consecutive fields for each experimental condition were imaged. For 
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domain analysis, since not many neurons were expressing the deletion mutants, all 
GFP positive neurons were imaged when there were less than 50 GFP positive 
neurons. 
Time lapse imaging 
Neurons were cultured on poly-D-lysine and laminin coated glass bottom dishes 
(catalog #FD35-100, from FluoroDish) for 1DIV to 3DIV as indicated. During imaging, 
culture dishes were set on microscope (Nikon SMZ1500) stage with a temperature 
and CO2 monitoring chamber (LiveCell system by Neue Biosciences). Images were 
aquired and analyzed by MetaMorph software. 
Neuronal transfection 
DNA constructs were introduced into cortical neurons using an electroporation 
technique from Lonza (Amaxa Mouse Neurons Nucleofector Kit). The procedure was 
performed according to the protocol came along with the kit. Briefly, dissociated 
mouse cortical neurons were suspended in 100ul of Amaxa electroporation buffer 
mixed with 10ug of DNA. After electroporation, neurons were immediately plated on 
laminin/poly-D-lysine coated coverslips. Neurons were cultured for 1 to 4 days as 
indicated before fixing and staining for further analysis. 
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Chapter 4 Conclusions and discussion 
Conclusions 
The goals of my thesis work have been to define the functions of APC in mediating 
axon growth using conditional mutagenesis in mice and to specify the domains 
involved. I have several strong findings, one of which has been published and others 
that are described in a manuscript soon to be submitted. I have shown the following 
in this thesis: 
1) conditional elimination of APC in radial progenitors yields neurons that exhibit 
highly branched axonal morphology in vitro (published) 
2) This effect is cell-autonomous (published). 
3) There is no effect on initial establishment of polarity as cortical neurons 
extend both axons and dendrites (published). 
4) The branching effect appears within the second day and persists through 
periods of up to 7 days in culture (published) 
5) Live cell imaging shows that supernumerary branches arise from splitting at 
the growth cone and that axon extension is most often curved rather than 
straight (to be submitted) 
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6) Detailed examination of microtubules  in APC deficient neurons reveals that  
microtubules are “debundled” along the axon shaft, especially in distal regions 
near the growth cone (to be submitted)  
7) Examination of actin organization in APC deficient neurons reveals that 
lamelipodia are disrupted and that filopopdia are more numerous than in 
controls. Overall growth cones are larger than controls and microtubule / actin 
interactions appear disrupted (to be submitted). 
8) Domain analysis shows that the armadillo repeats together with the 
oligomerization domains completely rescue both the branching and 
debundling phenotypes in APC null neurons. Surprisingly therefore the C-
terminus of APC is dispensable for the regulation of axonal morphology at 
least under our culture conditions (to be submitted). 
I conclude that APC is essential to the organization of the axonal cytoskeleton during 
axon growth and surprisingly that that the N-terminus is sufficient for regulation of 
the neuronal cytoskeleton. 
Elimination of APC protein by cre mediated recombination 
We crossed the APC floxed allele line (Shibata et al., 1997) with nestin cre line to 
induce recombination in mouse neural progenitor cells. In the paper that originally 
described the generation of APC floxed allele line, the authors infected mice with 
recombinant adenovirus encoding the Cre recombinase by rectal infusion and tested 
suppression of APC expression by northern blotting (Shibata et al., 1997). They 
found that APC RNA levels reduced about 70% in the intestinal tract of homozygous 
78 
 
mutants compared with that in wild-type mice. Later, using the same APC flox allele 
line, others found complete loss of APC protein as a result of Cre recombination 
using various Cre drivers (Sansom et al., 2004; Brocardo et al., 2005). 
In mouse cortical neuron cultures, I observed a strong reduction of APC protein from 
APC conditional knock out embryos by western blot analysis, although some APC 
protein was detected. The residual protein most likely resulted from fibroblasts in the 
culture which do not express Cre recombinase. 
We used the APC C-20 antibody from Santa Cruz for immunostaining analysis. C-20 
is targeted to the C-terminus of APC. When APC-YFP was exogenously expressed 
in SW480 cells harboring a C-terminus deleted mutant form of APC, C-20 staining 
strongly colocalized with APC-YFP in the cytoplasm where APC-YFP associated 
with microtubules (Brocardo et al., 2005). C-20 did produce strong non-specific 
staining in SW480 cells, particularly in the nucleus. However, in cells with wild type 
APC, C-20 staining suggested accumulation of APC in cell protrusions. These 
results suggest that C-20 antibody is specific for staining of APC in microtubule-
associated membrane protrusion (Brocardo et al., 2005). Staining of APC with C-20 
antibody revealed a strong accumulation of APC in the axon tips in mouse cortical 
neurons (figure3.1) as well as DRG neurons (Zhou et al., 2004). When C-20 was 
used to stain APC deficient neurons, we observed staining in the cell soma; however, 
APC accumulation in the axon tip was completely abolished. Comparing results of 
the previous study, we believe cell soma staining by C-20 is non-specific. 
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Taken together, my results confirmed loss of APC in mouse cortical neurons 
dissociated from APC conditional knock out embryos. 
  APC in neuronal polarization and axon extension 
The role of APC in regulating β-catenin levels in the wnt signaling pathways was 
APC’s first described function and has been well established in many studies and 
known to be conserved across species. More recent studies in vitro in mammalian 
cells have suggested other functions for APC including an important role in 
regulating cell polarity (for review, see Barth et al., 2008). Thus in non-neuronal cells, 
APC is localized at the leading edge during migration and is required for directional 
migration (Nathke et al., 1996; Etienne-Manneville et al., 2005; Iizuka-Kogo, et al., 
2005; Yamana et al., 2006). APC also associates with nuclear membrane and 
promotes microtubule polarization at the cell soma (Collin et al., 2008). This leading 
edge accumulation and association of APC with microtubules are thought to be 
essential for cell polarization in some systems (Etienne-Manneville and Hall, 2003; 
Grohmann et al., 2007). 
A role for APC in neuronal polarization and axon extension has previously been 
suggested by the observation that disruption of APC using APC dominant negative 
mutants blocks neuronal polarization and axon extension in vitro (Shi et al., 2004). 
However, we notice that initial polarization occurs normally when APC is completely 
deleted in neurons using genetic approaches. Thus, perhaps surprisingly, we did not 
find a role for APC in the initial aspect of neuronal polarity, specification of the axons 
and establishment of axonal and somatodendritic domains. This initial axon-dendritic 
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specification may depend more on the cooperation among various signaling 
pathways, such as PI3Kinase-Akt-GSK3β, polarity complex, LKB1 and MARK 
kinases, and Rho GTPases (for review, see Barnes and Polleux, 2009), and APC 
may not be involved. Interestingly a recent study in Drosophila also suggested that 
APC is dispensable for establishing neuronal polarity and for promoting axon 
elongation or targeting (Rusan et al., 2008). Axon morphology was not examined in 
great detail in this study, so we are not sure whether these results conflict with ours. 
However, it is worth pointing out that demands of axon growth in mammals are 
vastly greater than in Drosphila in terms of axon lengths (3 orders of magnitude) and 
in terms of the numbers and different types of postsynaptic partners.  
One explanation for this discrepancy between the genetic ablation and dominant 
negative approaches is that dominant negative mutants may not only disrupt normal 
functions of APC but at the same time induce some unexpected consequences 
related to sequestering its binding partners and disrupting their normal functions. 
Further, the brain specific APC homologue APC2 shares high structural and 
functional similarity and expression of APC fragments may also interrupt the roles of 
APC2 in neuronal morphogenesis. On the other hand, in APC null neurons, APC2 
may exert an important compensatory role in establishing neuronal polarity and axon 
extension. One future direction of this study will be to knock out both APC and APC2 
in neurons and study the effects on neuronal morphology. 
A related area where APC has been shown to have effects is in regulating cell 
migration. APC binds to microtubule tips at the leading edge of a migrating fibroblast 
and is essential for the cell to migrate in vitro. This role of APC may be more akin to 
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what we have observed here. Deletion of APC leads to microtubule debundling near 
the growth cone and disruption of microtubule actin interactions in the growth cone, 
thus disrupting the cytoskeleton at the “leading edge” of the neuron. Perhaps 
surprisingly our data demonstrate that this leads to the elaboration of branches 
rather than cessation of axon growth. Important effects on migration have previously 
been suggested to be dependent on the C-terminus, whereas our data demonstrate 
that the N-terminus may be most important (Kroboth et al., 2007; see below).  
APC regulation of the neuronal cytoskeleton 
A surprising function for APC, established after its role in regulating β-catenin is a 
stabilizing effect of APC on microtubules. Shortly after the identification of the protein, 
APC was found to associate with microtubules through the carboxyl-terminus (Smith 
et al., 1994; Munemitsu et al., 1994). APC may exert its tumor suppressor role not 
only through inhibiting β-catenin levels but also through effects on cytoskeleton 
organization. 
In neurons, APC is accumulated at the axon tips and particularly at microtubule plus 
ends (Shi et al., 2004; Zhou et al., 2004; Votin et al., 2005; Koester et al., 2007). In 
mouse DRG neurons, reducing endogenous APC protein by shRNA induces 
microtubule loop formation in the growth cone together with increased growth cone 
size (Purro et al., 2008). Consistent with this observation, I found that microtubules 
are also highly curled in APC deficient growth cones and they do not extend toward 
the growth cone leading edge in mouse cortical neurons. Moreover, these looped 
microtubules are highly splayed apart and misoriented. In addition, we observed an 
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enlargement of the growth cone size together with increased filopodia number. In 
line with previous studies (Dent and Kalil, 2001; Dent et al., 2004), the splaying 
microtubules and increased filopodia coincide with the development of axon 
branches from a growth cone. In fact, our time lapse imaging results showed that 
these enlarged APC deficient growth cone split apart frequently producing multiple 
branches at the time of splitting. 
From our data in combination with previous reports, we propose that APC plays an 
important role in preserving the integrity of the growth cone by promoting bundling of 
microtubules and cross-linking microtubules and the actin cytoskeleton. We 
hypothesize that APC is involved in the formation of actin meshwork or lamellipodia 
at the growth cone, which provides a barrier for microtubules to reach the leading 
edge, so that only some microtubule filaments interact with filopodia and receive 
extracellular cues. Along the axon shaft, microtubule bundling and stabilization are 
accomplished by other microtubule binding proteins, such as Tau1. 
The outcome of the defects in cytoskeletal organization in APC deleted neurons is 
exuberant axon branching. Axonal branching is a crucial process for neurons to 
innervate multiple targets and arborize in terminal fields (Kornack and Giger, 2005). 
It is strictly regulated such that it occurs when neurons recognize the targets and 
otherwise is suppressed. Here, our data indicate that APC plays an important role in 
suppressing axonal branching in vitro. We suggest that the drastic abnormality in 
both actin and microtubule organization along the distal axon and at the growth cone 
leads to the observed growth cone splitting, resulting in excess branches. Studies 
are in progress to delete APC in isolated GFP-filled neurons in vivo at an early 
83 
 
developmental stage to assess the consequences of APC deletion for axon 
morphology and targeting in vivo.   
APC domains that regulate axon morphology 
 β-catenin binding domain 
The best established role of APC is its ability to regulate intracellular β-catenin levels. 
Most APC mutations found cancers leads to stabilization of β-catenin and hence β-
catenin induced gene transcription. 
In our study, we observed an increase in β-catenin protein levels in APC deficient 
neurons as expected, although the increase in the concentration of β-catenin protein 
is not so striking compared to the reduction of APC in APC knock out neurons (figure 
3.1A). Since APC2, the nervous system specific homologue of APC, also regulates 
β-catenin stabilization, we believe APC2 targets β-catenin for degradation in neurons 
lacking endogenous APC. One way to test our speculation is to delete both APC and 
APC2 and compare the β-catenin expression levels. 
Since β-catenin stabilization leads to expression of genes involved in tumorigenesis 
and cell proliferation, it was possible that the excessive branching phenomenon we 
observed in APC deficient neurons was due to increased β-catenin levels. However, 
by expressing a non-degradable β-catenin mutant in control neurons and a β-catenin 
inhibitor in APC deficient neurons, we demonstrate that excessive branching in APC 
null axons is not caused by stabilized β-catenin. Moreover, we noticed an increase in 
growth cone size of APC deficient neurons at early stages, yet the cell body size is 
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similar to that of control neurons. This suggests that the excessive branching 
phenomenon does not result from an overall increase in cell growth. 
Previously, it has been shown that increased β-catenin levels lead to increased 
complexity in dendritic arborization (Yu and Malenka, 2003). We also found that 
over-expression of stabilized β-catenin increased number of dendrites. Interestingly, 
we did not see obvious effects of deleting APC on number of dendrites. However, 
from our study, we cannot conclude that deletion of APC has no effect on dendritic 
aborization. We did not analyze dendritic morphology in detail and we only counted 
the number of dendrites extending from cell soma. We cultured neurons for seven 
days at the longest and at that time, dendrites are not fully grown to form spines. 
Since APC is reported to play a significant role in synapse formation (Temburni et al., 
2004; Rosenberg et al., 2008), deletion of APC in the neurons may also have some 
effect on dendritic spine and synapse formation and increased β-catenin levels may 
contribute to the effect. It will be of great interest in the future to use these APC 
genetic ablation model systems to study the role of APC in dendritic spine formation 
and synaptogenesis. 
N-terminus:  armadillo and oligomerization domains 
Functions of other APC domains related to neurons have been less well studied and 
particularly in vivo functions are unknown. While mutations of APC found in FAP 
patients disrupt or delete a large part of the protein, the amino-terminus including the 
oligomerization domain and the armadillo repeats of APC is typically retained and 
protected from mutations. This truncated N-terminal fragment of APC forms punctas 
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and is diffusely distributed in DLD1 tumor cells, which only express this N-terminal 
fragment (Li and Nathke, 2005). Interestingly, when expressed in DRG neurons, this 
fragment is accumulated at the axon tip (Zhou et al., 2004). 
The role of this N-terminal region in regulating the cytoskeleton has not previously 
been defined. APC deleted neurons provided the ideal assay system to assess 
effects of the N-terminus on the neuronal cytoskeleton. Because endogenous APC 
was absent in the transfected neurons, there were no issues about potential off-
target dominant inhibitory effects that may have complicated the interpretation of 
prior studies. I found surprisingly that expression of APC-N completely rescues the 
branching phenotype of APC deficient axons. The result suggests that the N-
terminus is important to cytoskeletal regulation and contrasts with the prior view that 
the C-terminus was the more important region. 
The armadillo repeats in APC are involved in binding to several proteins regulating 
both actin and microtubule cytoskeleton (reviewed by Aoki and Taketo, 2007). The 
armadillo repeats of APC interact with kinesin associated protein 3(KAP3) and APC 
is in the same complex with KIF3C (Jimbo et al., 2002; Shi et al., 2004). It has been 
shown that APC is required for targeting of the polarity complex component Par3 to 
axon tips by KIF3C (Shi et al., 2004), and deletion of APC may disrupt the proper 
localization of Par3 at the axon tip. Since Par3 is the key structural component of the 
polarity complex, which is activated downstream of PI3Kinase, disruption of Par3 
localization may lead to abnormal activation of the polarity complex and hence 
disrupted regulation of branching suppression. 
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APC armadillo repeats also associate with Asefs and IQGAP and influence the 
activity of these molecules. Thus loss of APC may disrupt the regulation of actin 
cytoskeleton through Rac1/Cdc42 signaling pathways. In non-neuronal cells these 
interactions are said to be important for microtubule-actin cross linking and the 
formation of lamellipodia (Kawasaki et al., 2000; Kawasaki et al., 2003; Watanabe et 
al., 2004). Interaction of the armadillo repeats with Asefs and IQGAP are also 
involved in the formation of membrane ruffles (Kawasaki et al., 2000; Fukata et al., 
2002; Kawasaki et al., 2003; Watanabe et al., 2004; Hamann et al., 2007; Kawasaki 
et al., 2007). These interactions may explain the striking increase of filopodia and 
disruption of lamellipodia resulting in enlargement of growth cone size in APC-
deficient neurons. 
Similar to its role in directional migration of non-neuronal cells, APC may also be 
involved in the directional extension of the neuronal growth cone. Interaction of 
IQGAP with Clip-170 recruites microtubule plus ends to the actin meshwork through 
association with Rac1/Cdc42 and APC may promote stabilization of microtubules by 
immobilizing Clip-170 at the leading edges (Watanabe et al., 2004). Indeed we 
observed striking disruption of microtubule orientation in the growth cone. One 
plausible explanation is that loss of APC may release microtubule plus ends so that 
microtubule tips are randomly distributed in the growth cone. 
Interestingly, expression of the armadillo repeats alone is not sufficient to rescue 
either the branching effect or the actin and microtubule cytoskeletal abnormalities 
seen in APC-deficient neurons. The oligomerization domain is also required. We 
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propose that dimerization of the armadillo repeats enables the interaction of APC 
with different components of the actin and microtubule regulating machinery.   
In sum, the associations of the N-terminus with KAP3, Asefs and IQGAP may 
explain why reintroducing N-terminus may be sufficient to correct APC deletion 
induced cytoskeleton reorganization. Indeed, improper regulation of Asefs and 
IQGAP1 could lead to abnormal lamellipodia, abnormal microtubule behavior at the 
growth cone and growth cone splitting that I have observed when APC is deleted. 
Importantly reintroduction of the APC N-terminus into the neuron would allow proper 
regulation of Asefs and IQGAP1 and allow proper targeting of APC to the axon tip 
via KAP3.  
C terminus: Microtubule, EB1 and DLG domains 
Since microtubule severing usually precedes the formation of axon branches (Dent 
et al., 2004; Qiang et al., 2010), and APC stabilizes microtubules through the 
carboxyl terminus, we initially hypothesized that the microtubule binding domain and 
EB1 binding domain at the carboxyl terminus of APC would rescue the branching 
phenotype. However, the N-terminal fragment that completely rescues neuronal 
morphology does not contain these regions. Further reintroduction of this region only 
partially suppresses axon branching, and the microtubule debundling observed at 
the early stages was not rescued at all. Moreover, to our surprise, the microtubule 
binding domain has no effect on axon branching. 
In non-neuronal cells, it has been shown that the C-terminus of APC promotes 
microtubule polymerization (Nakamura et al., 2001). In neurons, microtubules along 
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the axon shaft are associated with various proteins, such as Tau and MAP1B, so 
that they are tightly bundled. APC may play a less important role in microtubule 
stabilization along the axon shaft. In fact, even in APC deficient neurons, 
microtubules along the axon shaft are tightly bundled, and debundling usually occurs 
in the distal part of the axon and at the branching points. While the C-terminus of 
APC promotes microtubule polymerization, it may not be so important in promoting 
bundling between separate microtubule filaments. I suggest that microtubule 
bundling may involve APC dimerization, bringing microtubule tips together.   
The fact the C-terminus only partially rescues branching and does not rescue 
debundling together with fact that the N-terminus completely rescues both 
phenotypes suggests that the N-terminus of APC is the most important domain in 
regulation of the neuronal cytoskeleton. In fact, there is already some support for this 
concept in vivo. Mice homozygous for an APC truncation mutation lacking the C-
terminus microtubule and EB1 binding domains are viable. Although brains of these 
mice have not been analysed in great detail at older ages, the fact the mice are 
viable means that APC lacking its C-terminus can mediate many aspects of cortical 
development (Smits et al., 1999).  
Role of APC2 in APC deficient neurons 
APC2 shares similar functional domains and plays similar roles as APC and is said 
to be enriched in the nervous system (Nakagawa et al., 1998; van Es et al., 1999). 
APC2 regulates intracellular β-catenin levels as well as microtubule stability. It is 
possible that APC deletion may increase APC2 expression. However, we do not 
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believe that the branching phenomenon is a result of APC2 over expression. APC2 
is highly homologous to APC in the N-terminal.  Expression of the N-terminus of 
APC in wild type neurons inhibits axon extension (Shi et al., 2004), while expression 
of the N-terminus of APC in APC deficient neurons suppressed axon branching. In 
addition, it has been shown that knocking down APC2 from chicken retinal neurons 
increased axon branching (Shintani et al., 2009). 
It is more likely that our phenotype would be more severe if APC2 were absent. It 
has been shown that dominant negative mutants of APC inhibit axon growth. It is 
possible that these mutants may not only disrupt APC function but also the proper 
regulation of APC2 (Shi et al., 2004). It is thus important to determine the effect of 
APC2 in axon morphogenesis in neurons lacking endogenous APC. To address this 
issue in future work I will delete both APC and APC2 in cortical neurons to examine 
the outcome. 
Summary and future directions 
In summary, I have demonstrated for the first time that deletion of APC in neurons 
leads to abnormal microtubule and actin organization (figure 4.1A). Normally, APC 
associates with various proteins involved in both microtubule and actin cytoskeleton 
regulation, so that microtubule and actin organization are tightly regulated. In the 
absence of APC, the interaction of actin or microtubules with actin or microtubule 
regulatory proteins are disrupted. Microtubules are debundled at the distal axon and 
misoriented in the growth cone. Lamellepodial structure is disrupted and fiolopodia 
are increased resulting in enlarged growth cones.  
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Importantly the N-terminus of APC including completely rescues the branching as 
well as the microtubule debundling effects. I hypothesize that key APC interacting 
proteins Asef, IQGAP and KIF3 mediate these effects (figure4.1B)  
In the future, it would be very revealing to understand how N-terminus associating 
proteins such as ASEFs and IQGAP are involved in mediating APC effects. This 
could be approached by deleting these proteins in neurons to see if the outcome is 
similar to that of APC deletion. 
 Finally, I will determine whether the APC neuronal homologue APC2 has any 
compensatory effect on the establishment of neuronal polarity and axon extension 
by generating an APC and APC2 double knock out mouse model. Since APC2 is 
highly expressed in the brain it is plausible that elimination of both APC and APC 2 
may reveal additional functions of the APC family related to cytoskeletal regulation. I 
have already generated the relevant crosses and the first animals should be 
available within the month.  
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Figure 4.1. 
 
92 
 
Figure 4.1. Working model of APC regulation of the neuronal cytoskeleton.  
(A) In a control growth cone, APC regulates the microtubule and actin cytoskeleton 
through direct binding and indirect binding to APC associated proteins. One 
important hypothesized function for APC is mediation of microtubule/actin 
interactions. I have shown in my thesis that loss of APC leads to disrupted 
microtubule and actin organization so that microtubules do not associate with each 
other at the distal end of the axon and lamellipodia do not form properly at the 
leading edge of the growth cone. The schematic shows debundled microtubules and 
disordered actin filaments in a growth cone lacking APC. 
(B) The amino terminus of APC is sufficient to rescue cytoskeleton organization in 
APC deficient growth cone. The armadillo repeats interact with the actin regulatory 
proteins IQGAP1 and Asefs and the kinesin-associated protein KAP3, which forms a 
complex with KIF3A/3B. IQGAP1 also binds to the microtubule plus end binding 
protein Clip170. I hypothesize that these interactions allow the association of the 
APC N-terminus to both the microtubule and actin cytoskeleton. In addition, the 
oligomerization domain promotes the dimerization of APC, bringing different APC 
associating protein together. As a result, microtubule bundling, microtubule/actin 
interactions and actin filament organization are restored by the N-terminus of APC in 
APC deficient neurons. 
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